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1. Introduction
Over the last decade there has been a steady rise of theoretical and experimental
interest in studies of central exclusive production (CEP) in high-energy hadronic
collisions.1–8 The CEP of an object X may be written in the form
pp(p¯)→ p+X + p(p¯) ,
where ‘+’ signs are used to denote the presence of large rapidity gaps, separating
the system X from the intact outgoing protons. On the theoretical side, the study
of CEP requires the development of a framework which is quite different from that
used to describe the inclusive processes more commonly considered at hadron col-
liders. The approach, often referred to as the ‘Durham model’, represents a novel
application of perturbative QCD, as well as requiring an account of soft diffractive
physics. For such processes it is found that a dynamical selection rule operates,
where JPCz = 0
++ quantum number states (here Jz is the projection of the object
angular momentum on the beam axis) are expected to be dominantly produced. As
we will show, this simple fact leads to many interesting and non–trivial implications
for CEP processes, which are not seen in the inclusive case. Experimentally, CEP
represents a very clean signal, with just the object X and no other hadronic activ-
ity seen in the central detector (as least in the absence of pile–up). In addition, the
3outgoing hadrons can be measured by installing special ‘tagging’ detectors, situated
down the beam line from the central detector, which can provide information about
the mass and quantum numbers of the centrally produced state.
An important advantage of these reactions is that they provide an especially
clean environment in which to investigate in details the properties of centrally pro-
duced resonance states (in particular to probe their nature and quantum numbers),
from ‘old’ Standard Model (SM) mesons to beyond the Standard Model (BSM)
Higgs bosons.9–11 The CEP of, for instance, dijets, γγ, heavy (c, b) quarkonia, new
charmonium–like states, and meson pairs offer a very promising framework within
which to study various aspects of QCD, and can serve as ‘standard candle’ processes
with which we can benchmark predictions for new CEP physics at the LHC. These
processes have been the focus of recent detailed studies by the authors, including
a Monte Carlo (MC) implementation in the SuperCHIC MC.12 In this article we
will review these results, considering both the phenomenological implications and
interesting theoretical features in each case. We will also consider the case of SM
and BSM Higgs boson production, considering the implications of the current LHC
data on future measurement possibilities.
Currently a wealth of measurements of high–energy CEP have been made, both
at the Tevatron13 and in Run I of the LHC, with events selected by vetoing on
additional hadronic activity over particular rapidity intervals. At the LHC, new
CEP data have come from LHCb,8 CMS14 and ALICE,15, 16 with very encouraging
prospects for the future. CEP measurements are also being made at RHIC, where
forward proton taggers are already installed.17 The current experimental data are
in reasonably good agreement with the Durham expectations,8, 13 but a much more
detailed comparison with the theory will come after the whole accumulated statis-
tics have been analyzed and as new results from the LHC Run II become available.
In this review we will compare the Durham predictions for the processes discussed
above to such existing data, as well as considering the prospects for future measure-
ments.
Finally, we note that at the LHC there is a very promising CEP program with
tagged protons, using the installed and proposed forward proton spectrometers. The
possibility for such measurements with the ATLAS+ALFA detectors is currently
under discussion,18 while the first results of a combined TOTEM+CMS measure-
ment,19–22 based on a common run with integrated data taking in 2012, are expected
to be available soon. A wide program of CEP studies is also currently under dis-
cussion in the framework of the PPS5 and the AFP23, 24 upgrade projects, which
would allow an investigation of the region of centrally produced masses around
200–800 GeV, using proton detectors stationed at roughly 210m and 240m from
the interaction points of ATLAS and CMS, respectively. In addition, during low
pile–up LHC runs, forward shower counters (FSC) can help extend the rapidity
coverage in the forward region and reduce the role of events with proton diffractive
dissociation in CEP measurements. These instruments detect showers produced by
very forward hadrons hitting the beam pipe and surrounding materials, and have
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Fig. 1. Feynman diagram for qq → q + X + q process in perturbative QCD
been installed25 in the CMS detector, and successfully used throughout 2012, in
particular during the common CMS-TOTEM run. FSCs at LHCb (in the so-called
HERSHEL Project8, 26) are also currently being installed. There is therefore a di-
verse and promising experimental CEP program at the LHC, with various possibili-
ties for detector upgrades and future measurements, providing an additional strong
motivation for studying such processes.
In this review we will present an overview of the recent quantitative theoreti-
cal studies by the authors of various CEP processes, within the framework of the
Durham model, comparing to data where they exist and presenting predictions and
considering the possibilities for future measurements. This review is organized as
follows. In Section 2 we summarise the main aspects of the Durham model of CEP,
emphasising the importance of the Sudakov factor, considering how soft survival
effects may be included, and discussing the so–called ‘JPCz = 0
++ selection rule’. In
Section 3 we discuss heavy c and b–quarkonium production, both of established and
‘exotic’ states. In Section 4 we discuss γγ CEP. In Section 5 we discuss the CEP of
meson pairs at sufficiently high meson transverse momentum k⊥ that a perturbative
approach may be taken. In Section 5 we discuss exclusive 2 and 3–jet production.
In Section 6 we discuss the CEP of SM and BSM Higgs bosons, emphasising the
implications of recent LHC data for future measurements. Finally in Section 7 we
conclude.
2. The Durham model
2.1. Theory
2.1.1. Hard process
The formalism used to calculate the perturbative CEP cross section is explained in
detail elsewhere1, 4, 9, 11, 27–29 and we present a summary and motivation here. The
lowest order QCD contribution to the CEP process (Fig. 1) is due to the exchange
of two t–channel gluons, with the second ‘screening’ gluon, which is assumed not to
5couple to the system X , present to ensure that no colour is transferred between the
incoming and outgoing quarks. In the limit of high c.m.s. energy squared s, when
the object X is produced centrally and the outgoing quarks travel in approximately
the forward direction, the colour singlet nature of the exchange tells us that this
amplitude will be predominantly imaginary. The calculation can therefore be sim-
plified via the Cutkosky rules, which allow us to calculate the imaginary part of
this amplitude in a relatively straightforward way. Applying these, and after colour
averaging, attaching the fusing gluons to the quark lines with eikonal vertices and
making use of the gauge invariance of the gg → X subprocess, we then arrive at an
expression for the parton level amplitude A
iA
s
=
8
N2C − 1
α2sC
2
F
∫
d2Q⊥
Q2⊥q
2
1q
2
2
M . (1)
where the momenta are defined in Fig. 1, andM is the colour-averaged, normalised
sub-amplitude for the gg → X process:
M≡ 2
M2X
1
N2C − 1
∑
a,b
δabqµ1⊥q
ν
2⊥
V abµν . (2)
Here the qi⊥ are the transverse momenta of the fusing gluons, given by
q1⊥ = Q⊥ − p1⊥ , (3)
q2⊥ = −Q⊥ − p2⊥ . (4)
where p1⊥ , p2⊥ are the transverse momenta of the outgoing protons.
While it is relatively straightforward to write down this expression (1) for the LO,
parton–level, CEP amplitude, there are further corrections which must be included.
Firstly, we can see that the integral over the loop momentum Q⊥ is divergent in
the infra–red. This issue is resolved by a more careful treatment of higher–order
effects: in particular, as the CEP process involves the disparate scales of the object
mass MX and the gluon transverse momentum Q⊥, we will expect large logarithms
∼ ln(M2X/Q2⊥) to be present when we consider higher–order virtual corrections to
the LO process. These can be resummed systematically in a Sudakov factor, given
by
Tg(Q
2
⊥, µ
2) = exp
(
−
∫ µ2
Q2
⊥
dk2⊥
k2⊥
αs(k
2
⊥)
2π
∫ 1−k⊥/MX
0
[
zPgg(z)+nFPqg(z)
]
dz
)
. (5)
This resums these virtual logarithms in M2X/Q
2
⊥ which occur when the loop mo-
menta in virtual diagrams become soft and/or collinear to the external particle
directions, to next–to–leading logarithmic accuracy. That is, with these choices of
lower and upper cutoffs on the k⊥ and z integrals, it takes into account all terms
of order αns ln
m(M2X/Q
2
⊥), where m = 2n, 2n − 1. More physically, it corresponds
to the (Poissonian) probability of no extra parton emission from a fusing gluon,
that is the probability that the gluon evolves from a scale Q⊥ to the hard scale
µ without additional real emission. This interpretation follows from the fact that
6these large higher–order logarithms are being generated by a mis–match between
real and virtual corrections which occurs due to the exclusivity requirement that
no extra emissions be present.
Clearly, it is crucial to correctly account for these large corrections before giv-
ing a reliable cross section prediction. In particular, if we include only the double
logarithmically enhanced contribution to (5) and assume a fixed coupling αs for
simplicity, then we have
Tg(Q
2
⊥, µ
2 =M2X) = exp
(
−αsNc
4π
ln2
(
Q2⊥
M2X
))
, (6)
which vanishes faster than any power of Q2⊥ that may come from the parton–
level amplitude as Q2⊥ → 0, and so has the effect of making the loop integration
in (1) infrared finite; this result remains true when the full form (5) is taken. It
is therefore this requirement that there is no emission off the two gluons which
ensures we are considering an infrared stable observable. Specifically, for length
scales λQ & 1/Q⊥ the two–gluon system acts as a colour singlet, and so there will no
additional emission with k⊥ . Q⊥, as for these wavelengths (& 1/Q⊥) the individual
gluon colour is not resolved by the radiation. However, as Q⊥ → 0, the transverse
size of the system increases, with the effect that this additional radiation can no
longer be suppressed, and thus the amplitude for exclusive production vanishes in
this infrared region.
As well as ensuring such an IR finite result, the Sudakov factor also ensures
that the CEP cross section is perturbative, that is the average gluon transverse
momentum Q⊥ is safely in the perturbative regime. This is shown explicitly in
Fig. 2, where the dependence of the expectation value 〈Q2⊥〉 of the loop integral for
the final CEP amplitude (10) is plotted, for different
√
s values and choices of PDF.
We can see that the average 〈Q2⊥〉 increases both with the object mass MX and
c.m.s. energy
√
s, independent of the PDF set used (although the value of 〈Q2⊥〉
does have some non–negligible PDF dependence), and that in all cases we have
〈Q2⊥〉 = O(GeV2), safely in the perturbative regime.
In addition to this, we must also convert the parton–level amplitude (1) to
the hadron level. This is achieved by the introduction of the so–called ‘skewed’
unintegrated PDFs fg, by making the replacement in (1)
27, 34
αSCF
π
→ fg(x, x′, Q2⊥, µ2) , (7)
where µ ∼ MX is the factorisation scale, and x′ (x) are the momentum fractions
carried by the screening (fusing) gluon. As we are in fact interested in the distribu-
tion of gluons in Q⊥, which are evolved in energy up to the hard scale MX , such
that they are accompanied by no additional radiation, these objects involve both
the gluon PDFs and the Sudakov factor (5) in a non–trivial combination. In par-
ticular it can be shown that, in the x′ ≪ x regime relevant to CEP, the fg’s can be
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Fig. 2. The average gluon squared–transverse momentum 〈Q2
⊥
〉 in the integrand of (10) for the
production of a 0+ scalar particle in the forward proton (p⊥ = 0) limit, as a function of the c.m.s.
energy
√
s, and of the object mass MX , for different choices of the gluon PDF (GRV94HO,
30
MSTW08LO,31 CTEQ6L32 and MRST9933).
written as
fg(x, x
′, Q2⊥, µ
2) =
∂
∂ ln(Q2⊥)
[
Hg
(x
2
,
x
2
;Q2⊥
)√
T (Q⊥, µ2)
]
, (8)
where Hg is the generalised gluon PDF.
35 For CEP kinematics this can be related
to the conventional PDFs using the ‘Shuavev transform’.36 More precisely, it has
been shown recently29 that this can be written in a very simple forma
Hg
(x
2
,
x
2
, Q2
)
=
4x
π
∫ 1
x/4
dy y1/2(1− y)1/2 g
(
x
4y
,Q2
)
. (9)
A careful treatment37 shows that (8) is the correct form for the skewed PDFs, with
in particular the limits on the Sudakov factor (5) determined by the requirement
that all next–to–leading logarithms be resummed correctly.
Following from this discussion, we may therefore write down a final expression
for the CEP amplitude
T ≡ iA
s
= π2
∫
d2Q⊥M
Q2⊥(Q⊥ − p1⊥)2(Q⊥ + p2⊥)2
fg(x1, x
′
1, Q
2
1, µ
2; t1)fg(x2, x
′
2, Q
2
2, µ
2; t2) ,
(10)
where M is given by (2) and we have now introduced the t–dependence of the
skewed PDFs (omitted above for simplicity): typically this is assumed to factorize
out as a proton form factor, which we take to have the form FN (t) = exp(bt/2),
with b = 4GeV−2. Here µ, as described above, is the hard scale of the process, and
in what follows we take µ =MX/2 for concreteness.
aWe note that some previous expressions for the skewed PDFs are written in terms of a factor Rg.29
However frequently the correct Q⊥ dependence of this factor is ignored when such an approach is
used, and so we now prefer to use the more precise form given here.
82.1.2. Soft corrections
The expression (10) corresponds to the amplitude for the exclusive production of
an object X in a short–distance interaction, that is, with no perturbative emission.
However, as we are requiring that there are no other particles accompanying this
final state we must also include the probability that these are not produced in
additional soft proton–proton interactions (or ‘rescatterings’), independent of the
hard process, i.e. as a result of underlying event activity. This probability is encoded
in the so–called ‘eikonal survival factor’, S2elk.
38–45
The survival factor is conventionally written in terms of the proton opacity
Ω(s, bt). The proton opacity is related via the usual elastic unitarity equations to
such hadronic observables as the elastic and total cross sections as well as, combined
with some additional physical assumption about the composition of the proton, the
single and double diffractive cross sections. Thus, while the survival factor is a
soft quantity which cannot be calculated using pQCD, it may be extracted from
soft hadronic data.43, 46 Although there is some uncertainty in the precise level of
suppression (in particular in its dependence on the c.m.s. energy
√
s), this is found
to be a sizeable effect, reducing the CEP cross section by about two orders of
magnitude.
The survival factor is not a simple multiplicative constant,11 but rather depends
on the distribution in impact parameter space of the colliding protons. In particular,
in the simplest ‘one–channel’ model, which ignores any internal structure of the
proton, we can write the average suppression factor as
〈S2eik〉 =
∫
d2b1t d
2b2t |T (s,b1t,b2t)|2 exp(−Ω(s, bt))∫
d2 b1td2b2t |T (s,b1t,b2t)|2 , (11)
where bit is the impact parameter vector of proton i, so that bt = b1t + b2t corre-
sponds to the transverse separation between the colliding protons, with bt = |bt|.
T (s,b1t,b2t) is the CEP amplitude (10) in impact parameter space, and Ω(s, bt) is
the proton opacity discussed above; physically, exp(−Ω(s, bt)) represents the prob-
ability that no inelastic scattering occurs at impact parameter bt.
While the rescattering probability only depends on the magnitude of the pro-
ton transverse separation bt, the hard matrix element may have a more general
dependence. More specifically, T (s,b1t,b2t) is the Fourier conjugate of the CEP
amplitude (10), i.e. we have
T (s,p1⊥ ,p2⊥) =
∫
d2b1t d
2b2t e
ip1
⊥
·b1te−ip2⊥ ·b2tT (s,b1t,b2t) , (12)
where the minus sign in the p2⊥ · b2t exponent is due to the fact that the impact
parameter bt is the Fourier conjugate to the momentum transfer q = p1⊥ − p2⊥ .
We can therefore see that (11) is dependent on the distribution in the transverse
momenta pi⊥ of the scattered protons, being the Fourier conjugates of the proton
impact parameters, bit. This connection can be made clearer by working instead
in transverse momentum space, where we should calculate the CEP amplitude in-
cluding rescattering effects, T res, by integrating over the transverse momentum k⊥
9carried round the Pomeron loop (represented by the grey oval labeled ‘S2eik’ in
Fig. 17). The amplitude including rescattering corrections is given by
T res(s,p1⊥ ,p2⊥) =
i
s
∫
d2k⊥
8π2
Tel(s,k
2
⊥) T (s,p
′
1⊥ ,p
′
2⊥) , (13)
where p′1⊥ = (p1⊥ − k⊥) and p′2⊥ = (p2⊥ + k⊥), while T el(s,k2⊥) is the elastic pp
scattering amplitude in transverse momentum space, which is related to the proton
opacity via
Tel(s, t) = 2s
∫
d2bt e
iq·bt Tel(s, bt) = 2is
∫
d2bt e
iq·bt
(
1− e−Ω(s,bt)/2
)
, (14)
where t = −k2⊥. We must add (13) to the ‘bare’ amplitude excluding rescattering
effects to give the full amplitude, which we can square to give the CEP cross section
including eikonal survival effects
dσ
d2p1⊥d
2p2⊥
∝ |T (s,p1⊥ ,p2⊥) + T res(s,p1⊥ ,p2⊥)|2 , (15)
where here (and above) we have omitted the dependence of the cross section on all
other kinematic variables for simplicity. In this way the expected soft suppression
is given by
〈S2eik〉 =
∫
d2p1⊥ d
2p2⊥ |T (s,p1⊥ ,p2⊥) + T res(s,p1⊥ ,p2⊥)|2∫
d2p1⊥ d
2p2⊥ |T (s,p1⊥ ,p2⊥)|2
. (16)
It can readily be shown that (11) and (16) are equivalent. As we expect, the soft
suppression factor depends on the proton transverse momenta, and so may have
an important effect on the distribution of the outgoing proton p⊥i, via (15). A
simplified approach, where the soft survival suppression is simply included in the
CEP cross section as an overall constant factor will completely omit this effect.
We also note that as the survival factor depends on the p⊥ structure of the hard
process, the average suppression will depend, as we will see later, on the object spin
and parity.
Besides the effect of eikonal screening Seik, there is some suppression caused
by the rescatterings of the protons with the intermediate partons3, 40, 47 (inside
the unintegrated gluon distribution fg). This effect is described by the so-called
enhanced Reggeon diagrams and usually denoted as S2enh, see Fig. 3. The value of
S2enh depends mainly on the transverse momentum of the corresponding partons,
that is on the argument Q2i of fg(x, x
′, Q2i , µ
2) in (10), and depends only weakly
on the p⊥ of the outgoing protons.
47 The precise size of this effect is uncertain,
but due to the relatively large transverse momentum (and so smaller absorptive
cross section σabs) of the intermediate patrons, it is only expected to reduce the
corresponding CEP cross section by a factor of at most a ‘few’, that is a much
weaker suppression than in the case of the eikonal survival factor. The value of Senh
is also expected to depend crucially on the size of the available rapidity interval for
rescattering ∝ ln(s/M2X).
10
Combining these two effects, we may write down a final expression for the CEP
cross section at X rapidity yX
dσ
dyX
= 〈S2enh〉
∫
d2p1⊥d
2p2⊥
|T (p1⊥ ,p2⊥)|2
162π5
S2eik(p1⊥ ,p2⊥) , (17)
where T is given by (10) and the factor 〈S2enh〉 corresponds to the enhanced survival
factor averaged (i.e. integrated) over the gluon Q⊥, while S
2
elk is simply given by
S2eik(p1⊥ ,p2⊥) =
|T (s,p1⊥ ,p2⊥) + T res(s,p1⊥ ,p2⊥)|2
|T (s,p1⊥ ,p2⊥)|2
, (18)
as can be seen by comparing (15) and (17).
Finally, we note that the formalism described above for the eikonal survival
factor is only valid within the ‘one–channel’ framework, which considers the pure
elastic case, where the proton state is the correct degree of freedom for hadron–
hadron scattering. More realistically, in particular to account for the possibility of
(low mass) diffractive dissociation p → N∗, a more sophisticated ‘multi–channel’
framework is required, in which the incoming proton is considered to be in a coherent
superposition of so–called diffractive eigenstates, which can each be described by
the above one–channel framework, that is with Selk calculated for each pair (i, k)
of eigenstates. The above formalism therefore still corresponds to the basic physics
input into the model of soft diffraction that we use, and the extension to the multi–
channel case can be achieved in a quite straightforward manner.47, 48 Nonetheless it
should be emphasised that the overall gap survival probability depends sensitively
on the structure of the diffractive eigenstate decomposition, with different choices
giving equally good fits to soft diffractive data, while predicting quite different
survival factors.43, 49
It is this expression (17) which will be used in the discussion that we present
in this review, and which corresponds to the pQCD–based Durham model of CEP;
this is shown schematically in Fig. 3. Before going on to consider some important
phenomenological applications of this model, we will discuss the so–called ‘JPCz =
0++ selection’ rule which is of great importance in such exclusive processes.
2.2. JPC
z
= 0++ selection rule
When we consider the CEP process in the limit that the outgoing protons scatter
at zero angle (corresponding to the proton pi⊥ = 0), then this in fact obeys certain
important selection rules which determine the quantum numbers of the centrally
produced state X .28, 50, 51
First, as the fusing gluons in Fig. 1 must be in a colour singlet C–even state,
the object X must have positive C–parity. Second, as the initial– and final–state
protons both travel in the z–direction (where we define the z–axis as the beam
direction) they both have Lz = 0, with no angular momentum transfer between
them, and therefore by conservation of angular momentum the object X must also
have Jz = 0, where Jz is the projection of the total object angular momentum on the
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z–axis. Finally, as we will discuss below, the object X must also have even parity.
We therefore have that in the forward proton limit the centrally produced state X
obeys a JPCz = 0
++ selection rule. As the outgoing protons will in general have
some non–zero transverse momentum, pi⊥ 6= 0, then there will be some violation
of the JPz part of this rule, as there is now some small angular momentum transfer
between the initial and final–state protons. However as this p⊥ must be small for
such an elastic reaction, being limited by the proton form factor, we would na¨ıvely
expect such corrections to be correspondingly small, and for states with JPCz = 0
++
to be dominantly produced, although this should be checked explicitly by inspecting
the form of perturbative CEP amplitude.
To see how this selection rule arises in the case of the pQCD–based Durham
model, we note that in the subprocess amplitude (2) the gluon transverse momenta
play the role of the gluon polarization vectors ǫi ∼ qi⊥ which would couple to the
ggX vertex Vµν in the usual on–shell gg → X process. In the forward proton limit
we have q1⊥ = −q2⊥ = Q⊥ and therefore the gluon polarizations satisfy ǫ1 = −ǫ2,
which exactly corresponds to the centrally produced object being in a Jz = 0 state.
More generally, we can decompose (2) in terms of the incoming gluon polarization
vectors, given by
ǫ+(−)
1(2)
= − 1√
2
(xˆ+ iyˆ) ,
ǫ−(+)
1(2)
=
1√
2
(xˆ− iyˆ) , (19)
where the x − y plane is perpendicular to the direction of motion of the gluons in
the gg rest frame; in the on–shell approximation (valid up to small corrections of
order ∼ q2⊥/M2X), this x − y plane coincides with the transverse plane in the lab
frame. We can then invert (19) to change the incoming momenta vectors q⊥ to the
XQ⊥
x2
x1
Seik Senh
p2
p1
fg(x2, · · · )
fg(x1, · · · )
Fig. 3. The perturbative mechanism for the exclusive process pp→ p + X + p, with the eikonal
and enhanced survival factors shown symbolically.
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helicity basis, giving
qi1⊥q
j
2⊥
Mij =


− 12 (q1⊥ · q2⊥)(M++ +M−−) (JPz = 0+)
− i2 |(q1⊥ × q2⊥)|(M++ −M−−) (JPz = 0−)
+ 12 ((q
x
1⊥
qx2⊥ − qy1⊥q
y
2⊥
) + i(qx1⊥q
y
2⊥
+ qy1⊥q
x
2⊥
))M−+ (JPz = +2+)
+ 12 ((q
x
1⊥q
x
2⊥ − qy1⊥q
y
2⊥
)− i(qx1⊥qy2⊥ + q
y
1⊥
qx2⊥))M+− (JPz = −2+)
(20)
where Mλ1λ2 are the g(λ1)g(λ2)→ X helicity amplitudesb. The quantum number
assignments follow straightforwardly from the contributing helicity amplitudes. In
the odd–parity case, we recall that the gluon polarizations must be in an antisym-
metric state for the gg state to be odd under a parity inversion. For the Jz = ±2
piece, we note that this can be written in the manifestly covariant form
ǫ(+2)µν q
µ
1⊥
qν2⊥ǫ
−
1 ǫ
+
2M−+ + ǫ(−2)µν qµ1⊥qν2⊥ǫ+1 ǫ−2M+− , (21)
where the ǫ
(±2)
µν are the usual |Jz | = 2 polarization tensors52 (evaluated in the rest
frame of the gg system).
In the p⊥ → 0 limit the only non-vanishing term after the Q⊥ integration in
(10) is the first one, with
qi1⊥q
j
2⊥
Mij → 1
2
Q2⊥(M++ +M−−) ∼
∑
λ1,λ2
δλ1λ2Mλ1λ2 , (22)
as we expect from the JPCz = 0
++ selection rule. For pi⊥ 6= 0, the non–Jz = 0 terms
in (20) do not vanish upon the Q⊥ integration, and can therefore contribute. After
performing the Q⊥ integral and squaring, we find that the |Jz| = 2 amplitude is
approximately suppressed by a factor11, 52
|T (|Jz| = 2)|2
|T (Jz = 0)|2 ∼
〈p2⊥〉2
〈Q2⊥〉2
, (23)
where 〈Q2⊥〉 (∼ 2 − 5 GeV2, see Fig. 2) corresponds to the average Q2⊥ in the
integrand of (10), and 〈p2⊥〉 = 1/b ∼ 0.25GeV2 is the average proton transverse
momentum. We therefore have
|T (|Jz| = 2)|2
|T (Jz = 0)|2 ∼ 1% , (24)
justifying the statement that non–Jz = 0 quantum numbers are expected to be
strongly suppressed.
Considering now the odd–parity part of the selection rule, we have
V (gg → 0−) ∼ i
2
|(q1⊥ × q2⊥)|(M++ −M−−) , (25)
bAs both gluon momenta are defined as incoming, a (+ + / − −) helicity state corresponds to
Jz = 0 along the gg axis.
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which clearly vanishes in the forward (q1⊥ = −q2⊥ = Q⊥) limit. The reason for
this parity selection rule is not just due to the fact that the fusing gluons are in a
Jz = 0 state in this limit (the pseudoscalar decay h(0
−) → gg, for example, can
after all occur), but is rather due to the fact that the gg → X helicity amplitudes
are summed coherently. While for the individual g1(+)g2(+) and g1(−)g2(−) gluon
helicity states in the gg → X process the gluons can be in either odd or even parity
states, it is only the even parity combination ‘g1(+)g2(+) + g1(−)g2(−)’ which
contributes to the gluon ‘polarization tensor’ δij in (20). More concretely, we have
seen that in the forward limit the correlation between the fusing gluons forces their
linear polarizations to be parallel, with (3) and (4) reducing to q1⊥ = −q2⊥ = Q⊥.
In this case it readily follows that the gluons must be in an even parity state: for
example, a gg state with gluon 1 travelling along the z–axis and linear polarization
in the +x direction, while gluon 2 travels along the negative z–axis and has linear
polarization in the −x direction is even under a (x → −x and z → −z) parity
transformation, which is equivalent to swapping the identical boson gluons.
3. CEP of heavy quarkonium
Among the potential standard candle processes, the CEP of heavy quarkonium
(χ(c,b) and η(c,b)) states plays a special role.
11, 52–62 First, heavy quarkonium pro-
duction provides a valuable tool to test the ideas and methods of the QCD physics
of bound states, such as effective field theories, lattice QCD, NRQCD, etc,63–67 a
subject which is particularly topical in light of the sizeable differences which have
recently been observed between the expectations of NLO NRQCD and the current
data on the J/ψ and Υ polarization in hadroproduction.68 Second, heavy quarko-
nium CEP exhibits characteristic features, based on Regge theory, that depend on
the particle spin and parity JP ,9 and these are altered by both the loop integration
around the internal gluon momentum Q⊥ and non–zero outgoing proton p⊥ effects
as well as by screening corrections, as we will see in section 3.2. A measurement
of these effects, in particular the distributions of the outgoing proton momenta,69
would provide a valuable source of spin–parity information about the centrally pro-
duced system as well as constituting an important test of the overall theoretical
formalism.
In 200970 the observation of 65± 10 candidate exclusive χc events was reported
by CDF, occurring via the radiative χc → J/ψγ decay chain. These signal events
have a limited M(J/ψγ) resolution and were collected in a restricted area of final–
state kinematics (due to cuts and event selection criteria). It was in particular not
possible to distinguish experimentally which of the three χcJ spin states were pro-
duced, and in which amounts; rather a broad mass peak about the χcJ mass region
was observed. In order to determine the χc yield the dominance of χc0 production
was assumed, and the CHIC Monte Carloc, based on the χc0 → J/ψγ → µ+µ−γ
cCHIC is a publicly available Monte Carlo implementation of χc0 CEP.54
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decay, was used for the conversion of the observed events into a cross section. This
assumption is based on general theoretical considerations: for the χc1 case due to
the Landau–Yang theorem71, 72 for on–mass–shell gluons and for the χc2 because
in the non–relativistic approximation the χc2(2
++) meson cannot be produced in
a Jz = 0 state, which is dominant in the case of CEP, see Section 2.2. Under the
assumption of χc0 dominance, the corresponding cross section was found to be in
good agreement with the first Durham estimate.54
However, while it is true that the χc0 CEP cross section is expected to be
strongly dominant, it was not possible experimentally to rule out the possibility
that the χc(1,2) state may contribute to the CDF data.
70 This is because of the
significantly (∼ an order of magnitude) higher χcJ → J/ψγ branching ratio in
the case of the χc(1,2) states.
52, 55 Moreover, we will see that the eikonal survival
probability, 〈S2eik〉, is larger for the χc1 and χc2 since, due to their spin structure,
they are produced more peripherally. We will explicitly see later how we would
indeed expect the higher spin χc(1,2) states to contribute to the CDF data. The
predictions for this can be compared to the CDF measurement, and to the more
recent preliminary LHCb results on the CEP of χc mesons in the χc → J/ψ + γ
channel,73, 74 and the agreement is found to be reasonable, given the uncertainties
in the theory and possible experimental issues related to exclusivity.
It is also worthwhile recalling that the reconstruction of the bottomonium spec-
troscopy is still incomplete and, despite a good deal of valuable information on the bb
states and transitions, various issues remain so far unresolved. Although the Υ(3S1)
state was discovered in 1977,75 its spin–singlet partner ηb(
1S0) was found more than
thirty years later,76 while the spin assignments of the P–wave χbJ states still need
experimental confirmation.77 The CEP mechanism, with its spin–parity analyzing
capability, could therefore potentially provide a way to establish the spin–parity
assignments of the C–even bb states. Moreover, we note that due to the higher χb
mass, it suffers less from the sizeable theoretical uncertainties that are present in
the χc case. For these reasons the CEP of χb and ηb states was considered previously
in the literature,11, 52 and we discuss this here.
We also note that a new area of experimental studies of CEP with tagged for-
ward protons at c.m.s. energies up to 500 GeV is now being explored by STAR at
RHIC.17, 78 A capability to trigger on and to measure the outgoing forward protons
provides an excellent means to extend the physics reach in studying CEP processes
in exceptionally clean conditions. The encouraging preliminary results collected in
2009 during Phase I are already available79 and, hopefully, the large data sample
expected from the measurements in Phase II79, 80 should provide some very inter-
esting exclusive physics results: recently, the first measurements of exclusive π+π−
production with tagged protons by the STAR collaboration have been reported.17
Motivated by this, we also discuss the potential for observing exclusive charmonium
(χcJ and ηc) production at RHIC with tagged forward protons,
53 paying particular
attention to the new and interesting information that the forward proton distri-
butions can provide. As discussed in the Introduction, there are also a range of
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possibilities for CEP measurements in this mass region with tagged protons at the
LHC, in particular with the ATLAS+ALFA18 and TOTEM+CMS20, 21 detectors.
The results we discuss here will remain qualitatively unchanged when going to higher
LHC energies, so that they can also serve as a case study for such measurements.
Finally, as well as the conventional quarkonium states discussed above, the CEP
of ‘exotic’ charmonium–like states, which have been discovered over the past 10
years,81–83 represents a very interesting and so far relatively unexplored topic of
study. In addition, a number of new bottomonium–like states have been observed,
and are the subject of much ongoing investigation,84–86 for example in the case of the
new meson87, 88 currently interpreted as the χb(3P ), the origin of which is still the
subject of discussion.89 Here we will discuss one particularly topical charmonium–
like state, the X(3872), and show how the CEP mechanism may shed light on the
nature of this poorly understood state.
3.1. Theory
The original extension of the CEP formalism to χ(c,b)0 production
54 was achieved
by assuming that the χ(c,b)0 coupled to the gluons as a pure scalar, with any ef-
fects from its internal structure neglected. More recently11, 52 we went beyond this
approximation, modelling the internal structure of the χ(c,b) mesons for all three
J states and in particular their coupling to two gluons. This is done by a simple
extension a previous calculation,90 where the coupling of 3PJ quarkonium states
to two off–mass–shell photons is considered within the non–relativistic quarkonium
approximation discussed previously; as the gluons are in a colour–singlet state the
only difference will be constant prefactors resulting from colour algebra. The rele-
vant calculation for χb production then proceeds in exact analogy to the χc case,
the only difference being the input masses Mχ and widths Γ(χ→ gg). We can also
consider pseudoscalar η(c,b) production, which can be calculated using the same for-
malism as for χ(c,b) production. The gg → χ, η vertices, defined as in (2), are given
by11, 52
M0+ =
√
1
6
cχ
Mχ
(3M2χ(q1⊥q2⊥)− (q1⊥q2⊥)(q21⊥ + q22⊥)− 2q21⊥q22⊥) , (26)
M1+ = −
2icχ
s
p1,νp2,α((q2⊥)µ(q1⊥)
2 − (q1⊥)µ(q2⊥)2)ǫµναβǫ∗χβ , (27)
M2+ =
√
2cχMχ
s
(s(q1⊥)µ(q2⊥)α + 2(q1⊥q2⊥)p1µp2α)ǫ
∗µα
χ , (28)
M0− = icη(q1⊥ × q2⊥) · n0 , (29)
where qi⊥ are the incoming gluon momenta (3–4) and n0 is a unit vector in the
direction of the colliding hadrons (in the c.m.s. frame). cχ, cη are normalisation
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factors,11 given by
cχ =
1
2
√
NC
16παS
(q1q2)2
√
6
4πMχ
φ′P (0), cη =
1√
NC
4παS
(q1q2)
1√
πMη
φS(0) , (30)
where φS(P )(0) is the S?–wave wavefunction at the origin. Thus the χcJ produc-
tion amplitudes are proportional to φ′c(0), the spatial derivative of the bound–state
wave function at the origin: this corresponds to the non–perturbative probability
amplitude for the formation of these states, and can be normalized to the χc0 total
width Γtot(χc0) ≈ 10.4 MeV,77 with similar results for the ηc,b and χbJ states11
If we consider the χc1 vertex, we can immediately see that it vanishes for on–shell
gluons, that is when q2i = q
2
i⊥ = 0, as dictated by the Landau–Yang theorem.
71, 72
Furthermore, in the forward proton limit (p⊥ = 0) we have q1⊥ = −q2⊥ = Q⊥ and
so
M0 → −
√
3
2
cMχQ
2
⊥ , (31)
M1 → 4ic
s
Q2⊥p1,νp2,αQ⊥µǫ
µναβǫ∗χβ , (32)
M2 → −
√
2cM
s
(sQ⊥µQ⊥α + 2Q
2
⊥p1µp2α)ǫ
∗µα
χ . (33)
We see that M1 is odd in Q⊥, and will therefore vanish upon the loop integration
(10) over Q⊥. For M2 we make use of the identity∫
d2Q⊥Q⊥µQ⊥α =
π
2
∫
dQ2⊥Q
2
⊥g
T
µα , (34)
where gTµσ, the transverse part of the metric, which can be written in the covariant
form
gTµα = gµα −
2
s
(p1µp2α + p1αp2µ) . (35)
We then find M2 ∝ ǫµµ which vanishes due to the tracelessness of the χ2 polar-
ization tensord . We can see that the χc(1,2) production amplitudes vanish in the
forward proton limit, and we will therefore expect the corresponding rates to be
suppressed relative to χc0 production, see the discussion in Section 2.2. In fact we
can give a very rough estimate for the level of suppression we will expect. Squaring
and summing over polarization states gives
|M0|2 : |M1|2 : |M2|2 ∼ 1 :
〈
p2⊥
〉
M2χ
:
〈
p2⊥
〉2
〈Q2⊥〉
2 , (36)
where the factor of
〈
p2⊥
〉 ∼ 0.25 GeV2 comes from integrating over the assumed
exponential form (∼ exp(bt)) of the proton vertex in (10). We note the suppression
dIt is worth mentioning that in the QED case the absence of the transition of a spin–2 positronium
state into two-photons in a Jz = 0 state was discovered in mid–fifties.91
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in the χ2 state is exactly as expected from the discussion in Section 2.2. Although a
full treatment will be described in Section 3.2, if for simplicity we assume 〈Q2⊥〉 ≈
2GeV2, M2χc ≈ 10GeV2 and M2χb ≈ 100GeV2 we then obtain
|M0+ |2 : |M1+ |2 : |M2+ |2 ∼ 1 :
1
40
:
1
64
(cc) , (37)
|M0+ |2 : |M1+ |2 : |M2+ |2 ∼ 1 :
1
400
:
1
64
(bb) . (38)
While we will therefore expect a quite sizeable suppression of the χc1 and χc2 CEP
cross sections, it is not clear that they are guaranteed to give negligible contributions
to the χc → J/ψγ CEP cross section, for which the χc(1,2) branching ratios are
a factor of ∼ 10 higher than the χc0. On the other hand, we can see that we
would expect the χb1 state to give a very small contribution to the overall χb CEP
rate, because of the larger χb mass. However, as with χc CEP, there remains the
possibility that χb2 states may contribute to χb production via the χb → Υγ decay
chain. We will consider both these cases explicitly later on.
Turning now to pseudoscalar η(c,b) production, we first observe that the η vertex
M0− vanishes in the forward proton limit, as we expect from the JPz = 0+ selection
rule, see section 2.2. At small p⊥ we will have
9
|M0− |2 ∼ p21⊥p22⊥ sin2 φ , (39)
where φ is the azimuthal angle between the outgoing protons. The η CEP cross
section will therefore be heavily suppressed relative to the χ0 rate by a factor of ∼
〈p2⊥〉2/〈Q2⊥〉2, i.e. roughly two orders of magnitude, as expected from the discussion
in Section 2.2. However, the χ cross section normalisation depends on the value
of φ′P (0) while the η cross section depends on φS(0), and in fact this somewhat
compensates the suppression, due to the higher value of φs(0), as evaluated from
the ηc width.
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Finally we note, see Section 2.1, that the applicability of pQCD to the CEP
process is justified by the effect Sudakov factor, which assumes MX ≫ Q⊥, where
Q⊥ is the transverse loop momentum. However, in the case of χc production, where
the ‘hard’ scale µ ∼MX is of order a few GeV, we may expect that a non–negligible
part of the cross section comes from the IR unstable low Q⊥ region, and this will be
even more true in the case of higher spin χc(1,2) and odd–parity ηc states, where the
corresponding pQCD amplitudes vanish at p⊥ = 0, so that the integrand (10) will
have a lower saddle point. Thus there may be important ‘non–perturbative’ correc-
tions to such predictions. In previous work11, 52, 54 a pragmatic approach was taken,
in which the main analysis was based on the perturbative contribution only, assum-
ing a smooth matching between the perturbative regime and the ‘soft’ regime, and
at the same time considering which features (for example, the relative contributions
of the various JP states, distributions of final state particles, etc.) are likely to be
shared by a possible non–perturbative contribution; however other approaches92, 93
are certainly possible. On the other hand we note that for the χb, ηb states, for which
MX is higher, this should be much less of an issue. Combined with the other sources
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of uncertainty, from the gluon PDF at low x and Q2 (recalling from (10) that the
CEP cross section depends on the gluon PDF to the fourth power), the soft sur-
vival factors S2eik and S
2
enh and the contribution from higher–order corrections, we
may conservatively expect the total uncertainty in the predictions for charmonium
CEP cross sections to be as large as ∼ ×÷5. On the other hand, this uncertainty is
significantly reduced when we consider the ratios of the χc0 to χc(1,2) perturbative
contributions, where in particular the PDF uncertainty and that due to the survival
factors S2enh, S
2
eik, largely cancels out. The Regge–based phenomenological models
of,94, 95 which can give some estimate of any ‘non–perturbative’ contribution, also
give similar results for these ratios.
3.2. Numerical predictions
In this section we show some presented numerical predictions for quarkonium CEP,
originally given elsewhere.11, 52, 53 We note that these predictions were calculated
using GRV94HO partons,30 as these extend down to quite low Q2, at a lower c.m.s.
energy
√
s = 60 GeV, with a simple Regge–like scaling assumed to extrapolate
to higher energies, in order to try and bypass some of the large uncertainty in
the PDFs at low x and Q2 discussed above. However, this choice is certainly not
the only possibility, and indeed in more recent estimates for γγ and meson pair
production,11, 96 for example, more up–to–date PDF sets at the relevant
√
s values
are taken, see Sections 4 and 5.
Our calculation requires an explicit inclusion of the p⊥–dependent eikonal sur-
vival factor S2eik, as discussed in Section 2.1, which will alter the predicted ‘bare’
(i.e. unscreened) distributions. In this way, we can give predictions for the p⊥ dis-
tributions of the outgoing protons, which depend on soft survival effects as well as
the quantum numbers of the produced state.9 Such predictions will be particularly
important when considering measurements with tagged protons.
In Fig. 4 we show the dσ/dφ distribution, where φ is the difference in azimuthal
angle between the outgoing protons, for χc(0,1,2) and ηc production at the LHC,
while the following conclusions remains true for χb/ηb production and different
c.m.s. energies, with the shape of the distributions only depending quite weakly on√
s and the central object mass MX . The difference between the J
P states, and the
effect of including soft survival effects, is clear. We also see in Fig. 4 the effect of
the Q⊥ integral on the φ distributions. In the limit that p
2
⊥ ≪ Q2⊥, we expect9, 52
the gg → χ/η vertices to have the form
|M0+ |2 ∼ const. , (40)
|M1+ |2 ∼ (p1⊥ − p2⊥)2 , (41)
|M0− |2 ∼ p21⊥p22⊥ sin2 φ , (42)
while there does not exist a simple closed form for the χ2. In the χ0 case we therefore
expect a flat φ distribution as p⊥ → 0, but the inclusion of the p⊥–dependent
gg → χ vertex factor and gluon propagators in (10) leads to corrections of the
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Fig. 4. Distribution (in arbitrary units) within the perturbative framework of the difference in
azimuthal angle of the outgoing protons for the CEP of different JP cc states at
√
s = 14 TeV
and rapidity yX = 0. The solid (dotted) line shows the distribution including (excluding) the
survival factor, calculated using the two–channel eikonal model,97 while the dashed line shows the
distribution in the small p⊥ limit, using the vertices of (40–42) and excluding the survival factor.
type ∼ p1⊥ · p2⊥/〈Q2⊥〉 which alter this. In the χ1 and η cases, while the expected
φ dependence is roughly the same as that predicted by (41) and (42), the Q⊥
integral has again had some non–trivial effect on the original distributions. For χ2
production we can see that the Q⊥ loop integral has induced a strong φ dependence,
which cannot be predicted from general considerations, and is therefore specific to
the pQCD–based model of CEP.
Table 1. p⊥–averaged survival factor 〈S2eik〉 for
χc and ηc production at the Tevatron and LHC
and χc production at RHIC (
√
s = 500 GeV).
χc0 χc1 χc2 ηc
Tevatron 0.058 0.15 0.11 0.18
LHC (7 TeV) 0.037 0.11 0.084 0.13
LHC (14 TeV) 0.029 0.091 0.072 0.10
RHIC 0.092 0.23 0.15
In Table 1 we show the p⊥–averaged survival factors, calculated using (17), for
χc and ηc production at RHIC, Tevatron and LHC energies; the results for bot-
tomonium production are approximately the same. We can see that the suppression
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factors for the higher spin and odd parity states are higher than for the scalar χc0:
due to the spin/parity structure of the vertices gg → χ1,2, η, the corresponding
amplitudes vanish as bt → 0, in impact parameter space. These processes are there-
fore more ‘peripheral’, occurring with a larger average impact parameter, where
the probability of additional soft interactions is smaller, and therefore the survival
factor 〈S2eik〉 is larger. This is a clear example of the fact that the survival factors
are in general process dependent and must therefore be considered carefully for each
channel.
Table 2. Differential cross section (in nb) at rapid-
ity yχ = 0 for χcJ CEP via the χcJ → J/ψγ
decay chain, summed over the J = 0, 1, 2 con-
tributions, at RHIC, Tevatron and LHC energies.
√
s (TeV) 0.5 1.96 7 14
dσ
dyχc
(pp→ pp(J/ψ + γ)) 0.57 0.73 0.89 1.0
dσ(1+)
dσ(0+)
0.59 0.61 0.69 0.71
dσ(2+)
dσ(0+)
0.21 0.22 0.23 0.23
Table 3. Differential cross section (in nb) at
rapidity yχ = 0 for central exclusive χ(b,c)0 pro-
duction at RHIC, Tevatron and LHC energies.
√
s (TeV) 0.5 1.96 7 14
dσ
dyχ
(χc0) 27 35 42 45
dσ
dyχ
(χb0) 0.022 0.029 0.036 0.038
We next consider the predictions for quarkonium CEP cross sections at different
collider energies. In Table 2 we show the differential cross section for the central
exclusive χc → pp(J/ψγ) process at RHIC, Tevatron and LHC energies. We can
see that, as discussed above, a significant fraction of the χc events are predicted
to correspond to the higher spin χc(1,2) states. In Table 3 we show predictions
for the χc0 (and χb0) CEP cross sections, which for example would be relevant
for the observation of χc CEP via two–body decay channels (e.g. χc → ππ,KK).
In Table 4 we show predictions for the differential cross section for the central
exclusive χb → Υγ process at Tevatron and LHC energies. While the cross section
is smaller, χb CEP remains a potential observable at the LHC. We can see, as
discussed above, that χb1 states are expected to give a negligible contribution to
the overall rate, while the relative χb2/χb0 contribution is reduced in comparison
to the χc case. This suppression is largely due to the slightly higher χb0 branching
ratio Br(χb0 → Υγ) ≈ 1.76%, when compared to the χc0 → J/ψγ branching. Thus,
we can predict with some certainty that the χb0 contribution to any future observed
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χb events (via the χb → Υγ decay chain) should be strongly dominant. We note
that all of these results are in rough agreement with the expectations of (37) and
(38).
Table 4. Differential cross section (in pb) at rapidity
yχ = 0 for central exclusive χbJ production via the
χbJ → Υγ decay chain, summed over the J = 0, 1, 2
contributions, at Tevatron and LHC energies.
√
s (TeV) 1.96 7 14
dσ
dyχb
(pp→ pp(Υ + γ)) 0.60 0.75 0.79
dσ(1+)
dσ(0+)
0.050 0.055 0.059
dσ(2+)
dσ(0+)
0.13 0.14 0.14
Table 5. Differential cross section
(in pb) at rapidity yη = 0 for
central exclusive ηb,c production
at Tevatron and LHC energies.
√
s (TeV) 1.96 7 14
dσ
dyη
(ηc) 200 200 190
dσ
dyη
(ηb) 0.15 0.14 0.12
In both cases, we can see that the predicted χ(c,b) CEP cross sections depend only
weakly on the c.m.s. energy, an effect which is reasonably generic to CEP processes.
While the higher gluon density at lower x will lead to an increase in the cross
section, this growth is tamed by the eikonal and enhanced soft survival factors, which
decrease with
√
s due to the increase in proton opacity Ω(s, b) and increase in the
size of the rapidity gaps∼ ln(s/M2X) available for enhanced absorption, respectively.
Clearly the exact energy dependence due to both the gluon parton density and the
soft survival factors carry their own uncertainties and as a consequence the predicted
energy dependence of the CEP rates should be considered as an estimate only: in
particular, if we do not assume the Regge scaling in the cross section that was taken
in previous studies,11 the cross section predictions will increase somewhat more
with energy. However this reasonably weak dependence still represents a qualitative
prediction, the validity of which could be probed by observations of these processes
at RHIC, Tevatron and/or different LHC running energies.
Finally, we show in Table 5 predictions for the differential cross section for central
exclusive ηc and ηb production at Tevatron and LHC energies. In both cases, the
expected rates are roughly two orders of magnitude smaller than the associated
χ(c,b)0 cross sections, consistent with the expected ∼ 〈p2⊥〉2/(〈Q2⊥〉2) suppression
described above. We can also see a similar, even decreasing, trend with energy.
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3.3. Comparison with data
As discussed in Section 3, in 2009 CDF reported70 the observation of 65±10 candi-
date exclusive χc events, produced via the radiative χc → J/ψγ decay chain. Under
the assumption that these correspond to purely χc0 events, this corresponds to a
cross section of
dσexpχc0
dyχ
∣∣∣∣
yχ=0
= (76± 14) nb . (43)
If on the other hand we consider the possibility that the χc(1,2) states contribute to
the CDF data, then we can translate (43) into a total χcJ → J/ψγ cross section
dσexpχcJ→J/ψγ
dyχ
∣∣∣∣
yχ=0
= (0.97± 0.18) nb , (44)
using the value for the χc0 branching ratio taken in the CDF analysis. This is in
excellent agreement with the theoretical expectation of 0.73 nb given in Table 2,
although we recall from the discussion above that such a prediction caries very large
theoretical uncertainties. On the other hand, these uncertainties are reduced when
we consider the ratios of the χc0 to χc(1,2) cross sections (we would estimate this
to be of order ∼ ×÷2), where in particular the PDF uncertainty and that due to the
survival factors S2enh, S
2
eik, largely cancels out: the results in Section 3.2 therefore
suggest that a non–negligible fraction of the observed χc events at the Tevatron are
in fact χc1 and χc2 events.
Table 6. Comparison of preliminary candidate exclusive LHCb χcJ
data73 with theory predictions, made using the SuperCHIC MC12 .
σ(pp→ pp(J/ψ + γ)) LHCb (pb) SuperCHIC prediction (pb)
χc0 9.3± 4.5 14
χc1 16.4± 7.1 10
χc2 28 ± 12.3 3
More recently, based on an analysis of 2010 data, LHCb have reported prelim-
inary results on potentially exclusive χc meson production in the χc → J/ψ + γ
channel,73 where vetoing was imposed on additional activity in the rapidity region
1.9 < η < 4.9, and charged particles in the backwards region −4 < η < −1.5. Cru-
cially, in this case LHCb were able to approximately distinguish the three χc spin
states. The comparison of this data with our predictions, made using the SuperCHIC
MC,12 are shown in Table 6. We can see most significantly that all three χcJ states
are observed to give non–negligible contributions, qualitatively supporting the re-
sults of the previous sections. Moreover, in the case of χc0 and χc1 production, there
is good agreement between the data and theory, within the (fairly large) theoretical
and experimental uncertainties.
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On the other hand, we can see from Table 6 in the case of the χc2 that there is a
clear excess of data events, even within the theoretical uncertainties. From the the-
oretical side, this may be due to possible non–perturbative contributions discussed
above, which could enhance the χc2 rate above the (strongly suppressed) amount
predicted by the Durham model.52 Such effects may be particularly important for
the χc case, where we do not necessarily haveMχ ≫ Q⊥, as discussed in Section 3.1.
These dynamically suppressed cross sections may also be particularly sensitive to
higher–order QCD corrections, which could also enhance the χc(1,2) rates some-
what. Alternatively, we recall that the gg → χc2 coupling only vanishes for Jz = 0
gluons in the non–relativistic limit, that is ignoring higher–order corrections in the
relative quark velocity v. Any, even small, correction to this limit which allows a
Jz = 0 contribution, could enhance the cross section. However an analysis of the
χc2 → γγ decay distribution98 has shown that such a contribution is very small and
even consistent with zero, giving
f0/2 ≡
Γλ=0γγ (χc2)
Γλ=2γγ (χc2)
= 0.00± 0.02± 0.02 , (45)
where λ is the Jz projection of the γγ state, while the first error is statistical and
the second systematic. However, recalling the ∼ 2 orders of magnitude suppression
of the (|Jz | = 2) non–relativistic χc2 CEP cross section (see Table 2 and (37)), a
non–zero value of f0/2 . 5%, which is still consistent with (45) could enhance the
χc2 cross section by a factor of a ‘few’.
Experimentally, at the LHC, without forward proton detectors exclusivity must
instead be selected by vetoing on additional hadronic activity in a large enough
rapidity region, but in this case there will also be some contribution from non–
exclusive events, in particular where one or both of the protons dissociates,99
pp(p)→ Y +X + Z , (46)
where X = χc. In the present case, the crucial point is that the veto region at
LHCb is fairly limited and so such a contribution may be quite large. In particular,
as well as low mass dissociation (MY,Z . 2GeV), which we expect to enhance the
observed cross section by a factor of . 30% but not to alter the particle distribu-
tions or, importantly, relative χcJ fractions significantly, we must also consider the
contamination from higher mass dissociation whereMY,Z & 2GeV. Here, while the
theoretical uncertainties are quite large, we would expect a similar level of contri-
bution to the case of low mass dissociation at LHCb, but due to the higher mass of
the proton dissociative system, the p⊥ of the outgoing proton systems (and hence
of the central system, X) can be much larger than in the exclusive case. Recall-
ing (37) that the χc2 cross section is suppressed by the ratio 〈p2⊥〉2/〈Q2⊥〉2, we can
see that the χc2 cross section (and to a lesser extent the χc1 cross section) will
be particularly sensitive to such a contribution, with larger values of p⊥ allowing
an increasing violation of the Jz = 0 selection rule which operates for pure CEP.
This may therefore also explain, at least in part, why the observed LHCb χc2 cross
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section is higher than the CEP prediction, although event selection techniques, in-
cluding cuts on the central µ+µ− system p⊥ < 0.9 GeV are imposed to suppress
the dissociative contribution.
Finally, we note in passing that recently100, 101 the CDF collaboration have re-
ported a new preliminary limit on the χc0 CEP cross section at
√
s = 0.9 and 1.96
TeV, via the χc0 → π+π−, K+K− channels, of dσ/dy|y=0(χc0) . 20 nb at 90%
confidence. This measurement, which should only contain a small contribution from
proton dissociation (in particular in the
√
s = 0.9 TeV case), appears to suggest a
somewhat larger contribution from the higher spin χc(1,2) states to the χcJ → J/ψγ
combined CDF cross section measurement70 than that predicted in Section 3.2,
possibly supporting the LHCb result. With the application of additional cuts on
the pions102 this limit should be further reduced and may even be translated into
an observation. This may suggest, along with the LHCb data, that some further
theoretical work may be needed to account for these measurements, and that per-
haps the limit of the perturbative approach is being reached at these masses; as
discussed above, it may be that some correction from the ‘non–perturbative’ (i.e.
low gluon Q⊥) region could increase the χc(1,2) rates beyond the purely perturbative
expectations. These effects should on the other hand be much less pronounced in
the case of χb production, which would for this reason represent a particularly in-
teresting measurement. Hopefully then the arrival of further quarkonium data may
shed further light on this interesting issue. In particular, in the 2011-2012 data set
LHCb have collected a much higher event rate, by a factor of about 80, which would
allow a much more accurate study of χc CEP, including via two–body decay chan-
nels (e.g. π+π−, K+K−, pp, ΛΛ), and help clarify the question of the dissociation
background. Moreover, it is expected that data collected during the LHC Run 2
would nearly double usable LHCb luminosity.
3.4. Quarkonium CEP with tagged protons
As discussed in the Introduction, previous work on quarkonium CEP has included
a study53 of the possibility of measuring charmonium CEP with tagged protons
at RHIC. This may also be relevant in the future at the LHC, where CEP mea-
surements in the the quarkonium mass region with tagged protons is a realistic
possibility.18, 20 We therefore present a selection of these previous theoretical re-
sults53 here.
The predicted cross section at
√
s = 500 GeV were presented in Section 3.2, and
are not repeated here: we recall that they are not expected to be greatly different
from the LHC case. In Fig. 5 we plot the expected dσ/dφ distributions with respect
to the relative azimuthal angle φ between the outgoing protons, for χcJ and ηc
production, calculated using the SuperCHIC MC.12 We can see, as described above
(see in particular (40–42)), that these are highly sensitive to the spin and parity of
the produced object. By applying different cuts to the outgoing proton p⊥, we can
also in principle probe the underlying theory in a more detailed way, and to illustrate
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Fig. 5. Normalised distributions (in arbitrary units) of the difference in azimuthal angle between
the outgoing protons for the CEP of χc(0,1,2) and ηc states at y = 0 and
√
s = 500 GeV, and for
a range of cuts on the proton p⊥.
this we plot the φ distributions for three different sets of p⊥ cuts: p(1,2)⊥ < 0.4
GeV, p(1,2)⊥ > 0.6 GeV and 0.5 < p1⊥ < 0.7 GeV, p2⊥ > 0.8 GeV. For low p⊥
the screening corrections do not change this ‘bare’ behaviour too much, however
in the case of a relatively large p⊥ (the green and blue lines in Fig. 5) the role
of absorptive effects becomes quite visible: starting from φ = 0 the absorptive
correction increases with φ producing a dip in the region of φ ∼ π/2 for the cases
of the χc0 and χc2 and about φ ∼ 2.3 for the χc1. We note that these characteristic
‘diffractive dip’ structures have the same physical origin as the proton azimuthal
distribution patterns seen previously in the literature.69 For the ηc these effects are
less significant, although some non–negligible dip structure around φ = 2− 2.5 can
be seen.
As well as depending on the spin–parity of the centrally produced particle, the
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Fig. 6. Normalised distributions (in arbitrary units) of the difference in azimuthal angle between
the outgoing protons for χc0 CEP at y = 0, with the survival factor S2eik calculated using the
two–channel eikonal model,97 with two different choices of model parameters. Also shown is the
result of using the simplified single–channel eikonal approach.69 Note that the ‘two–channel, set
1’ χc0 distributions are the same as those plotted in Fig. 5.
proton distributions will also be affected non–trivially by soft–survival effects,69
and on the particular model of soft diffraction that is used to calculate these. We
show in Fig. 6 the predicted φ distribution for χc0 CEP using the ‘two–channel’
eikonal formalism97 for a range of cuts on the proton p⊥. To give some indication
of any model variation, we show the distributions using two different choices of
model parameters as well as using a simplified single–channel model.69 While the
differences seen between the models in Fig. 6 are fairly small, they are not necessarily
negligible, and it would certainly be of great interest to observe this dip structure,
which is completely driven by soft survival effects, experimentally. We note that
while these soft physics models have now been updated and adjusted,43, 44 to account
for recent theoretical developments as well as the TOTEM Run I data, and so are
not to be taken completely literally, similar effects are also seen using these latest
models,102 and so these distributions can still serve as an reliable indication of the
effects described above.
3.5. Exotic charmonium–like states: the X(3872)
The CEP mechanism could also provide a complementary way to shed light on the
nature of the large number of ‘exotic’ XYZ charmonium–like states which have been
discovered over the past 10 years.81–83 In some cases the JPC quantum numbers of
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these states has not been determined experimentally, and often a range of interpre-
tations are available: a D0D
∗0
molecule, tetraquarks, ccg hybrids, the conventional
cc charmonium assignment, and more generally a mixture of these different possibil-
ities. Considering the CEP of such objects, then the effect of the JPz = 0
+ selection
rule which1, 103 strongly suppresses the CEP of non–JPz = 0
+ states, as well as a
measurement of the distribution in the azimuthal angle φ between the transverse
momenta of the outgoing protons (as in e.g.9, 11), may help to fix the quantum num-
bers of the centrally produced system. Moreover, since the original cc pair is in the
exclusive case necessarily produced at rather short distances, the CEP process can
probe the wavefunction of the corresponding charmonium at the origin.
One interesting case is the CEP of the Y (3940), in particular via the J/ψω
channel,104–106 which could help to resolve current uncertainties107, 108 in the in-
terpretation of this state. Another particularly interesting example is the well–
known X(3872): this was the first such ‘exotic’ state to be discovered (by BELLE in
2003109), with a concrete interpretation for it still remaining elusive. It has become
even more topical with the establishment of its quantum numbers to be JPC = 1++
by LHCb,110 an assignment which leaves both the more exotic and the conven-
tional χc1(2
3P1) interpretations in principle available, as well a combination of, for
example, the core cc and molecular D meson states.111
The X(3872) has been seen in prompt inclusive production at both the Tevatron
and LHC, and this raises the interesting possibility of observing its production in
the exclusive channel. Such an observation would first of all probe the direct (i.e. not
due to feed–down from the decay of higher mass states) production channel gg → X
of this state. If the X(3872) is a D0D
∗0
molecule, then the binding energy of this
would have to be very small, and so such a loosely bound system would have to be
produced with a very small relative k⊥ in the D
0D
∗0
rest frame, corresponding to
a large separation between the mesons. The hadroproduction of such a state with
the size of cross section observed in the X(3872) case112 if possible at all, should in
general take place in an environment where additional particles are emitted,113, 114
so that the initially produced short–distance cc pair can form a loosely–bound,
D0D
∗0
state, at long distances. We would expect such a transition to be quite
rare in the exclusive case, where no additional particles can be present, and so
the observation of X(3872) CEP would on general grounds disfavor such a purely
molecular interpretation.
For a conventional χc1(2
3P1) state, the ratio of the CEP cross sections
σ(χc1(2P ))/σ(χc1(1P )) is predicted to first approximation (ignoring reasonably
small corrections due to the different masses, relativistic effects etc) to be simply
given by the ratio of the respective squared wave functions at the origin |φ′P (0)|2.
That is, we will expect them to be of comparable sizes. Moreover, we have seen in
Section 3.3 that the CEP of the ground–state χc1(1P ) has already been observed
by LHCb,73 thus raising the possibility of such a measurement in the same exper-
imental conditions. The X → J/ψπ+π− decay is of particular interest, and in this
28
case the final state is the same as for ψ(2S) photoproduction, which may be used
to give a handle on experimental efficiencies. This result of course depends on the
conventional charmonium interpretation for the X(3872) being valid. If, as may
be more realistic, it is a mixture of a χc1(2P ) and a molecular D
0D
∗0
state, then
the size of this ratio will also be driven by the probability weight of the purely cc
component; if this is small, that is the molecular component is dominant, then the
X(3872) cross section will be suppressed relative to the χc1(1P ). In this way, the
CEP mechanism could shed light on the nature of this puzzling state.
4. Diphoton CEP
A further process which is of much interest, in particular as a ‘standard candle’
with which to test the Durham framework, is the CEP of a pair of photons,11, 99, 115
produced via an intermediate quark loop, as shown in Fig. 7. Such a process is
experimentally very clean, and as we can access much higher central masses than
in the case of χc CEP, it is less sensitive to the sort of theoretical uncertainties
which are such a significant issue there. It also in principle allows a more detailed
investigation of the underlying theory, as we can compare the γγ invariant mass
distribution with the theoretical prediction, in a similar manner to the analysis
performed for exclusive dijet production, where good agreement between theory
and experiment was found, see.3, 116 Such a measurement is in particular sensitive
to both the gluon PDF and the Sudakov factor, as well as to the theoretically
challenging ‘enhanced’ survival factor S2enh.
Already exclusive γγ data have been taken, with hopefully more to come in
the near future. In 2007 CDF published a search for γγ CEP117 at the Teva-
tron, with ET (γ) > 5 GeV. Three candidate events were observed, in agreement
with the Durham model expectations.115 Subsequently, to increase statistics the
ET (γ) threshold has been decreased to 2.5 GeV, and in 2011
118 CDF reported the
observation of 43 γγ events in |η(γ)| < 1.0 with no other particles detected in
−7.4 < η < 7.4. More recently119 CMS have presented a search for exclusive γγ
events at
√
s = 7 TeV, and while no candidate events were observed the correspond-
ing limits were fairly close to the theoretical predictions. We may therefore expect
an observation of γγ CEP at the LHC to be forthcoming in the future.
4.1. Theory
The cross section for γγ CEP was originally calculated115 assuming a simple factor-
ized form, with the CEP amplitude (10) calculated in the limit of forward outgoing
protons. However, as discussed in section 2.1, in general the skewed PDFs, the sur-
vival factor S2eik, and the hard subprocess amplitude σˆ(gg → γγ) will depend on the
outgoing proton p⊥ and so this simple multiplicative factorization, used in earlier
theoretical estimates,1, 115 will not hold. A proper treatment of these effects will not
only in general lead to a more reliable cross section estimate in the Jz = 0 case,
but also allow for the inclusion of contributions that violate the Jz = 0 selection
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Fig. 7. Feynman diagram for gg → γγ subprocess, mediated via a virtual quark loop. The sum
is over all active quark flavours.
rule,103 which we recall is only exact in the limit that the proton p⊥ = 0. We have
seen in Section 3 that in the case of χc production, these have been observed to
have a significant effect.
The procedure for separating out the different Jz contributions is outlined in
Section 2.2, see (19) and (20). TheMλ1λ2 in (20) are the g(λ1)g(λ2)→ γ(λ3)γ(λ4)
helicity amplitudes (with the photon helicity labels implicit), corresponding to the
process shown in Fig. 7. These are given by a simple generalisation of the lowest
order γ(λ1)γ(λ2) → γ(λ3)γ(λ4) helicity amplitudes, which can be found in the
literature.120 For completeness we give the gg → γγ amplitudes here. The colour–
averaged (as in (2)), amplitudes can be written as
Mλ1λ2λ3λ4 = 4

∑
f
Q2f

ααsM(1)λ1λ2λ3λ4 , (47)
where the sum is over the fractional charges Qf of all active quark flavours. The
functions M(1)λ1λ2λ3λ4 are given by
M(1)−−++ = 1 , (48)
M(1)−+++ = 1 , (49)
M(1)++++ = −
1
2
tˆ2 + uˆ2
sˆ2
(
ln2
(
tˆ
uˆ
)
+ π2
)
− tˆ− uˆ
sˆ
ln
(
tˆ
uˆ
)
− 1 , (50)
(51)
where sˆ, tˆ, uˆ are the usual Mandelstam variables, and the other amplitudes follow
from crossing symmetry, parity and time inversion.121
4.2. Numerical Results
We begin this section by considering the size of the |Jz| = 2 contribution to the γγ
CEP cross section; as well as being relevant to this specific process, this result will
be important for other CEP processes where such a contribution may enter. Using
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Fig. 8. Differential γγ CEP cross section dσ/dp⊥(γ) including and excluding the |Jz| = 2 contri-
bution, as discussed in the text. MSTW08LO PDFs31 are used, and the cuts |η| < 1 and E⊥ > 2.5
GeV are imposed on the photons. Also shown is the ratio dσ(full)/dσ(Jz = 0) − 1 in percent,
which shows the relative (small) size of the contribution from the |Jz| = 2 piece.
the theory described above and in Section 2.1, we can give an initial rough estimate
for the expected contribution by considering for example the production of a (++)
γγ state. In this case the |Jz| = 2 contribution simplifies to
T (|Jz| = 2) ∼ (qx1⊥qx2⊥ − qy1⊥q
y
2⊥
) . (52)
After performing the Q⊥ integral and squaring, this will be of size
|T |2 ∼ p21⊥p22⊥ →
〈p2⊥〉2
〈Q2⊥〉2
, (53)
as expected from (23). To give an exact evaluation of the expected suppression we
should include all contributing amplitudes. While the |Jz | = 2 subprocess cross
section σˆ is a factor of ∼ 2 larger than the Jz = 0 cross section, this level of
suppression is quite significant, and an explicit calculation of the full contribution,
calculated as described in Section 4.1 using all contributing helicity amplitudes and
summed over the final–state photon polarizations, gives
|T (|Jz| = 2)|2
|T (Jz = 0)|2 ∼ 1% , (54)
again consistent with (23), with some variation depending on the particular PDF
set used and the x values probed. While this will receive some compensation from a
larger survival factor, as in the χc2 case (see section 3.2), this nonetheless represents
a small correction to the overall cross section, which is well within other theoretical
uncertainties. We show this explicitly in Fig. 8, where we plot the differential γγ
CEP cross section dσ/dp⊥(γ) at
√
s = 1.96 TeV including and excluding the |Jz | = 2
contribution, as well as the ratio dσ(full)/dσ(Jz = 0) − 1 in percent. We can see
that this ratio is indeed of order 1% and is relatively flat in the photon p⊥ and
pseudorapidity η, although we do not show the latter explicitly here. In Fig. 9
we plot the Jz = 0 and |Jz | = 2 subprocess differential cross sections, and we
can see clearly that the angular distributions for the two spin cases
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Fig. 9. Centre–of–mass scattering angle dependence of the hard subprocess gg → γγ cross section,
averaged over incoming gluon polarizations at the amplitude level, for a Jz = 0 and |Jz| = 2
incoming gg system. The continuous curve represents production for a fixed Mγγ = 10 GeV, and
the dashed for fixed E⊥γ = 5 GeV.
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Fig. 10. Cross sections for γγ CEP at
√
s = 1.96 and 14 TeV and using MSTW08LO PDFs,31 as
a function of the cut on the photon transverse energy E⊥ > Ecut, and invariant mass distribution
dσ/dMγγ , for E⊥ > 2.5 GeV. In both cases the photon pseudorapidity is required to lie within
|ηγ | < 2. Predictions made using the SuperCHIC12 MC
significantly, as they are dominated in both cases by double logarithmic singularities
in the amplitudes as u, t→ 0. The |Jz| = 2 contribution to the γγ CEP cross section
is therefore expected to represent a very small normalisation correction, with the
particle distributions being almost unchanged.
We may therefore concentrate on the JPz = 0
+ contribution to the γγ CEP
cross section. In Fig. 10 we show the predicted γγ CEP cross section at
√
s =1.96
and 14 TeV, using MSTW08LO PDFs,31 as a function of the cut, Ecut, on the
photon transverse energy, E⊥. As we have Mγγ/2 ∼ E⊥ ∼ Ecut, this cut effectively
controls the invariant mass of the γγ system being produced. We also show in Fig. 10
the invariant mass distribution for a particular cut E⊥ > 2.5 GeV on the photon
transverse energy. The steep fall–off with Mγγ coming in part from the Sudakov
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factor, is clear.
Although some caution is needed, recalling the theoretical uncertainties, we can
also in principle use measurements of γγ CEP to shed some light on the gluon PDF
in this low x and low Q2 region, where it is poorly determined. We note in particular
the significant difference between the current LO and NLO PDF fits: while the LO
PDFs have quite a steep low x dependence, the NLO PDFs are much smaller and
can even be negative at small x and Q2 for the more modern fits. We note that while
the CEP cross section is calculated at LO in perturbation theory, and so formally
should be used with LO PDFs, we may take both LO and NLO PDFs as input
to provide an estimate of the range of predictions, given the (large) uncertainty in
the gluon PDF at the low x and Q2 values relevant to CEP.99 With this in mind,
in Table 7 we show cross section predictions for γγ CEP at the LHC (
√
s = 1.96
TeV) c.m.s. energies, for a range of LO and NLO PDF sets. These use a fairly
recent fit to the survival factor,49 which accounts for early LHC data, and were first
presented elsewhere.99 We can see the wide variation in predictions, which future
measurements, in particular at different collider energies, could shed light on. As we
will see below, the CDF data118 favour the higher predictions which use LO PDFs.
We also show predictions at Tevatron energies, using slightly older models40, 47
to calculate the soft survival factors, which were used in earlier publications,53, 96
consistently with the cross section predictions quoted in the CDF publication.118
However, we note that an updated calculation, with a more recent evaluation of the
survival factor,43 predicts a somewhat lower γγ cross section, by up to a factor of
2 depending on the specific soft model used, although this appears to be somewhat
disfavoured by the CDF data. We also note that this more recent fit can predict
somewhat larger cross sections, again by up to a factor of 2 depending on the specific
soft model used, than those presented for the LHC in Table 7. This sort of variation
is unfortunately an inevitable result of the current uncertainty in the models of soft
survival, and this issue will hopefully be clarified by future data.
Table 7. γγ CEP cross sections (in pb) for different choices of gluon PDFs (GRV94HO,30
MSTW08LO,31 CTEQ6L,32 MRST99,33 CT10122 and NNPDF2.1123), at
√
s = 1.96 and 7 TeV,
and for different cuts on the photon pseudorapidity, η. The photons are restricted to have trans-
verse energy E⊥ > 2.5 GeV at
√
s = 1.96 TeV and E⊥ > 5.5 GeV at
√
s = 7 TeV.
MSTW08LO CTEQ6L GJR08LO MRST99 CT10 NNPDF2.1√
s = 1.96 TeV (|η| < 1) 1.4 2.2 3.6 0.35 0.47 0.29√
s = 7 TeV (|η| < 1) 0.061 0.069 0.16 0.013 0.0094 0.0057√
s = 7 TeV (|η| < 2.5) 0.18 0.20 0.45 0.039 0.027 0.017
4.2.1. Comparison with data
As discussed in Section 4, in 2011 CDF reported118 the observation of 43 candidate
γγ events in |η(γ)| < 1.0 with no other particles detected in −7.4 < η < 7.4, which
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corresponds to a cross section of
σexp.γγ = 2.48
+0.40
−0.35 (stat)
+0.40
−0.51 (syst) pb . (55)
This data was compared in the CDF analysis to the predictions of the Durham
model,53 made with MSTW08LO31 and MRST99 (NLO) PDFs33 (roughly repre-
senting an envelope of the different PDF predictions, following the logic described
above), calculated using the formalism described in the preceding sections and im-
plemented in the SuperCHIC MC generator.12 These were
σtheoryγγ (MRST99) = 0.35 pb , (56)
σtheoryγγ (MSTW08LO) = 1.42 pb . (57)
In the CDF publication,118 these were quoted as having a factor of ∼ ×÷3 uncertain-
ties (in addition to that due to the PDF variation), although99 it could be argued
that these estimates are somewhat over–conservative.We can see that the prediction
using the LO PDF set is consistent with the result within theoretical uncertainties,
although both predictions lie below the observed cross section. As shown in Fig. 11,
the p⊥, ∆φ and invariant mass distributions of the γγ pair are described fairly well
by the SuperCHIC MC.
It is natural to ask why the γγ CEP cross section predictions in (56) and (57)
are somewhat lower than the data (55). In fact, there are reasons why we may
expect this to be the case. Most importantlye, we recall that the predictions of (56,
57) include only the LO perturbative QCD contribution to the γγ CEP process.
In general, we may reasonably expect a numerically large NLO K–factor correction
to the gg → X subprocess: for example, the higher–order corrections to Standard
Model Higgs boson production via gg → H (see124, 125 and references therein) and
P–wave quarkonia decay χ→ gg126 are known to be quite large.
Thus, in particular considering the possibility of such a large K–factor for the
case of γγ CEP as well as the other theory uncertainties (due to for example the
soft survival factors), we can see that the MSTW08LO prediction (57) is in good
agreement with the data. We can see from Table 7 that for the predictions made
using other representative LO PDF sets, the agreement is also generally good. This
gives encouraging support for pQCD–based CEP framework, and in particular for
the predictions for the topical example of light Higgs boson CEP, as discussed in
Section 7.
Hopefully, further LHC γγ (and other) CEP data can shed further light on this:
currently, we recall that CMS have presented a search for exclusive γγ events at√
s = 7 TeV,119 and while no candidate events were observed the corresponding
limits were fairly close to the theoretical predictions. In particular, the cross section
eExperimentally we may also expect the observed γγ cross section to be enhanced by the small
fraction of γγ events seen by CDF which are not truly exclusive, but rather due to diffractive
production where one or both of the proton and antiproton dissociates, but where the proton
dissociation products are not seen within the CDF acceptance; we estimate such a fraction to be
10% or lower.
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Fig. 11. Distributions of γγ invariant mass Mγγ , difference in azimuthal separation from back–
to–back configuration |π − ∆(φ)γγ |, and γγ transverse momentum p⊥(γγ). Theory curves are
calculated using the SuperCHIC MC,12 and normalised to the data for comparison. Plots taken
from CDF analysis118 .
for E⊥(γ) > 5.5 GeV, |η(γ)| < 2.5 is found to be < 1.30 pb at 95% confidence,
which we can see lies somewhat abovef the theoretical predictions shown in Table 7.
Hopefully, therefore, with the higher statistics that should come in the future an
observation of γγ CEP at the LHC may be possible. Such data would be highly
valuable, providing an additional and important constraint the model predictions,
in particular in terms of the predicted
√
s dependence from the Tevatron to the
LHC, and with an extension out to higher values of E⊥(γ) allowing for a more
differential test of the theory.
5. Exclusive meson pair production
Another particularly interesting CEP process is the production of light meson pairs
(X = ππ,KK, ρρ, η(′)η(′)). At sufficiently high meson transverse momentum k⊥ a
fWe should recall however that accounting for the possibility of proton dissociation should lead to
an increase of the theoretical CEP predictions by about a factor of 2, which is still consistent with
the CMS upper limit.99
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perturbative approach, applying the Durham model and the ‘hard exclusive’ for-
malism,127, 128 to evaluate the meson production subprocess, may be taken.
There are two principle, related, reasons to look at such reactions. First, the
helicity amplitudes relevant to the CEP of meson pairs exhibit some remarkable
theoretical features. Such ‘exclusive’ gg → qqqq, qqgg, gggg 6–parton amplitudes
with fixed helicities of the incoming gluons are not relevant in a typical high–
multiplicity inclusive process, and consequently they have not been studied in this
context before. Second, they are of phenomenological interest, being experimentally
realistic observables at hadron colliders from the Tevatron and RHIC to the LHC,
with the wide variety of meson states available offering various channels with which
to probe the non–trivial theory predictions for these different processes. Moreover
the two–meson (ππ, KK) decays of the χc(0,2) states are of much interest in the
CEP mode,11, 99 and so a proper understanding of the continuum background to
these decays is important.
In the previous section we discussed the case of γγ CEP, including the CDF
measurements117, 118 of this process. However, an important possible background
to γγ CEP is the exclusive production of a pair of π0 mesons, with one photon
from each π0 decay undetected or the two photons merging. At first sight it would
appear that the cross section for this purely QCD process may be much larger than
the γγ cross section and so would constitute an appreciable background. However,
as we will show in this section, we in fact expect the π0π0 CEP cross section to
be significantly lower than in the case of γγ CEP.96 This is a non–trivial result of
the perturbative CEP formalism and as such this prediction represents a further
important test of the framework. In fact, in the recent CDF measurement,118 despite
previous hints of a non–negligible π0π0 contribution in earlier data,117 of the 43
candidate γγ events, the contamination caused by π0π0 CEP was indeed observed
to be very small (< 15 events, corresponding to a ratio N(π0π0)/N(γγ) < 0.35, at
95% CL), lending support to this prediction. This encouraging result motivated a
detailed investigation of the CEP of meson pairs,96, 102, 129, 130 which presents a new
test of the perturbative formalism, with all its non–trivial ingredients.
A particularly interesting example of this is ηη and η′η′ CEP, which could allow
a probe of the gluonic structure of η(′) mesons.129 Currently, while different deter-
minations of the η–η′ mixing parameters are generally consistent, the long–standing
issue concerning the extraction of the gluon content of the η′ (and η) remains un-
certain, in particular due to non–trivial theory assumptions and approximations
that must be made, as well as the current experimental uncertainties and limita-
tions.131, 132 We will see in this section how the CEP process may provide a novel
and potentially sensitive handle on this uncertain issue.
5.1. Basic formalism
As discussed above, the CEP of meson pairs has recently,96, 129, 130 been considered
within a new approach, combining the Durham model and the ‘hard exclusive’
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Fig. 12. Representative Feynman diagram for the gg → qqqq process.
formalism,127, 128 to calculate the parton–level helicity amplitudes relevant to the
CEP of meson pairs, i.e. gg → MM (where M,M is a meson, anti–meson). The
basic idea of this latter formalism is that the hadron–level amplitude can be written
as a convolution of a (perturbatively calculable) parton–level amplitude, T , and a
‘distribution amplitude’ φ, which contains all the (non–perturbative) information
about the binding of the partons in the meson. The gg →MM amplitude can then
be written as
Mλλ′(sˆ, θ) =
∫ 1
0
dxdy φM (x)φM (y)Tλλ′(x, y; sˆ, θ) , (58)
where
√
sˆ is the MM invariant mass, x, y are the meson momentum frac-
tions carried by the partons and θ is the scattering angle in the gg cms
frame. Tλλ′ is the hard scattering amplitude for the parton–level process
gg → qq(gg) qq(gg), where each qq or gg pair is collinear with the meson mo-
mentumg and has the appropriate colour, spin, and flavour content projected out
to form the parent meson. λ, λ′ are the gluon helicities: for our considerations there
are two independent helicity configurations, (±±) and (±∓), which correspond to
the incoming gluons being in a Jz = 0 and |Jz| = 2 state, respectively, along the
incoming gg direction. A representative diagram for purely qq valence components
is shown in Fig. 12. Provided the meson k⊥ is large enough, all intermediate quark
and gluon propagators will be far off–shell and the amplitude can be calculated
using the standard tools of pQCD.
The meson distribution amplitude depends on the (non–perturbative) details
of hadronic binding and cannot be predicted in perturbation theory. However, the
overall normalization of the qq distribution amplitude can be set by the meson decay
constant fM via
127
∫ 1
0
dxφM (x) =
fM
2
√
3
. (59)
gFor a meson produced with large momentum, |~k|, we can to good approximation neglect the
transverse component of the parton momentum, ~q, with respect to ~k.
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It can also be show133 that for very large Q2 the meson distribution amplitude
evolves towards the asymptotic form
φM (x,Q
2) →
Q2→∞
√
3fM x(1 − x) . (60)
However this logarithmic evolution is very slow and at realistic Q2 values the form
of φM can in general be quite different. Indeed, a BABAR measurement of the pion
transition form factor Fpiγ(Q
2),134, 135 for example, strongly suggests that φpi(x,Q)
does not have the asymptotic form out to Q2 . 40GeV2, although more recent Belle
data136 are in conflict with this. Another possible choice is the ‘Chernyak–Zhitnisky’
(CZ) form, which we will make use of later on137
φCZM (x,Q
2 = µ20) = 5
√
3fM x(1 − x)(2x− 1)2 , (61)
where the starting scale is roughly µ0 ≈ 1 GeV. For the two–gluon distribution
amplitude, φG(x), the normalization cannot be set as in (59), but an analogous
formula can be written down138–140∫ 1
0
dy φG(x,Q
2)(2x− 1) ∝ fG(Q2) , (62)
which serves to define fG. While asQ
2 →∞, it can be shown that the gg distribution
amplitude vanishes due to QCD evolution138, 141
lim
Q2→∞
φG(x) = 0 , (63)
there is no reason to assume this will be the case at experimentally relevant energies.
More precisely, the meson distribution amplitudes can be expanded in terms of the
Gegenbauer polynomials Cn
133, 138, 141
φ(1,8),M (x, µ
2
F ) =
6fM(1,8)
2
√
NC
x(1− x)[1 +
∑
n=2,4,···
a(1,8)n (µ
2
F )C
3/2
n (2x− 1)] ,
φG,M (x, µ
2
F ) =
fM1
2
√
NC
√
CF
2nf
x(1 − x)
∑
n=2,4,···
aGn (µ
2
F )C
5/2
n−1(2x− 1) , (64)
where µF is the factorization scale, taken as usual to be of the order of the hard
scale of the process being considered, and nf = 3 for η(
′) mesons. The φ(1,8) are
the flavour singlet(octet) quark wave functions, and the fM1,8 are given by (67) for
the case of the η′, η mesons, while for other states these are given simply by their
measured values, e.g. fpi8 ≡ fpi = 133 MeV for the pion, see Section 5.4 for more
details. We note that for the qq distributions, the asymptotic (60) and CZ (61)
distribution amplitudes correspond to taking a12(µ
2
0) = 0 and a
1
2(µ
2
0) = 2/3 in (64),
respectively, with all higher n terms being zero.
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To make contact with the physical η, η′ states we will consider later on, we
introduce the flavour–singlet and non–singlet quark basis states
|qq1〉 =
1√
3
|uu+ dd+ ss〉 ,
|qq8〉 =
1√
6
|uu+ dd− 2ss〉 , (65)
and the two–gluon state
|gg〉 , (66)
with corresponding distribution amplitudes given by (64). Here, we take a general
two–angle mixing scheme142–144 for the η and η′ mesons. That is, the mixing of the
η, η′ decay constants is not assumed to follow the usual (one–angle) mixing of the
states. This is most easily expressed in terms of the η and η′ decay constants
fη8 = f8 cos θ8 , f
η
1 = −f1 sin θ1 ,
fη
′
8 = f8 sin θ8 , f
η′
1 = f1 cos θ1 , (67)
with145
f8 = 1.26fpi , θ8 = −21.2◦ ,
f1 = 1.17fpi , θ1 = −9.2◦ . (68)
We then take the distribution amplitudes (64) with the decay constants given as
in (67), for the corresponding Fock components (65) and (66). A more in depth
discussion is given elsewhere.129
5.2. Parton–level amplitudes
5.2.1. Scalar flavour non–singlet mesons
The simplest case of scalar flavour–non–singlet mesons (ππ,KK...) proceeds via the
type of diagram shown in Fig. 12, where the qq pair forming the parent mesons are
not connected by a quark line.96 There are 31 Feynman diagrams which contribute
to the leading–order amplitude, and after an explicit calculation we find
T qq++ = T
qq
−− = 0 , (69)
T qq+− = T
qq
−+ =
δAB
NC
64π2α2S
sˆxy(1 − x)(1 − y)
a− b2
a2 − b2 cos2 θ (70)
· NC
2
(
cos2 θ − 2CF
NC
a
)
,
where ‘qq’ indicates that the final–state partons are qq pairs, ‘A,B’ are the gluon
colour indices and
a = (1− x)(1 − y) + xy , (71)
b = (1− x)(1 − y)− xy . (72)
39
Considering first the Jz = 0 amplitude, we can see that this completely vanishes
at LO, a non–trivial result which follows from an overall cancellation between the
many different non–zero contributing Feynman amplitudes, and is a direct general-
ization of the case of the equivalent γγ →MM amplitudes, which vanish for neutral
mesons, when the photons are in a Jz = 0 state.
127 At leading order, the produc-
tion of flavour non–singlet meson pairs, which must proceed via these diagrams, can
therefore only occur when the incoming gluons are in a |Jz| = 2 state. Recalling the
‘Jz = 0’ selection rule discussed in Section 2.2, which strongly disfavours such a con-
figuration, this gives the non–trivial prediction that the CEP of flavour non–singlet
meson pairs (ππ,KK...) in the perturbative regime will be strongly suppressedh.
Considering now the |Jz | = 2 amplitude, we can see that this is in general
non–zero, but still vanishes for a particular value of cos2 θ. This behaviour, which
at first sight may appear quite unusual, is in fact not completely unexpected: the
vanishing of a Born amplitude for the radiation of massless gauge bosons, for a
certain configuration of the final state particles, is a known effect, usually labeled
a ‘radiation zero’.146, 147 It results from the complete destructive interference of the
classical radiation patterns, leading to a vanishing of the amplitude, and the general
conditions for the existence of these zeros have been written down elsewhere.147 .
The position of the zero is determined by an interplay of both the internal (in the
present case, colour) and space-time (the particle 4-momenta) variables, as can be
seen in (70), where the position of the zero depends on the choice of meson wave-
function, φ(x), through the variables a and b, as well as on the QCD colour factors,
see Fig. 13. In particular, the zero occurs in (70) when cos2 θ ≈ 2CF 〈a〉/NC , where
〈a〉 is the average value of a integrated over the meson wavefunctions φM (x), φM (y).
As 0 ≤ a ≤ 1 for all physical values of x, y and 2CF /NC < 1 for all NC (while the
prefactors in (70) are strictly positive), this will always occur in the physical region
for any non–abelian SU(N) gauge theory. While this effect, which is present in all
theories with massless gauge bosons, occurs in general in QCD, it is usually neu-
tralised along with colour by the averaging of hadronization. The CEP process, for
which the fusing gluons are selected to be in a colour–singlet state by the exclusiv-
ity of the event, therefore offers an in principle unique possibility to observe these
zeros.
5.2.2. Scalar flavour–singlet mesons
As well as the configuration shown in Fig. 12, the outgoing qq pairs can also combine
in a second way, with the qq pair forming each meson being connected by a quark
line. A representative such ‘ladder–type’ diagram is shown in Fig. 14 (a); as each
meson couples individually to two (isosinglet) gluons, only flavour–singlet states can
hHowever it should be noted that any NNLO corrections which allow a Jz = 0 contribution
may cause the precise value of the cross section to be somewhat larger than the leading–order,
leading–twist |Jz| = 2 estimate, although qualitatively the strong suppression should remain.
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φ(x) ∼ δ(x− 12)
φ(x) ∼ x(1− x)
φ(x) ∼ x(1− x)(1− 2x)2
dσˆ
d cos2 θ
(nb),
√
sˆ = 5 GeV
-
cos2 θ
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Fig. 13. Differential cross section dσ/d| cos θ| at
√
sˆ = 5 GeV, for the gg → MM process for
non–flavour singlet scalar mesons. For comparison, the distribution for three choices of meson
wavefunction are shown, the asymptotic form φM (x) ∝ x(1 − x), the CZ form (61), and a δ–
function φM (x) ∝ δ(x − 12 ).
be produced via such a diagram (for e.g. a π± state, this is clear, while for a π0
the uu and dd components of the flavour Fock state interfere destructively). There
are 8 Feynman diagrams which contribute to the amplitude, and we find that these
give
T S,qq++ = T
S,qq
−− =
δab
NC
64π2α2S
sˆxy(1− x)(1 − y)
(1 + cos2 θ)
(1 − cos2 θ)2 , (73)
T S,qq+− = T
S,qq
−+ =
δab
NC
64π2α2S
sˆxy(1− x)(1 − y)
(1 + 3 cos2 θ)
2(1− cos2 θ)2 , (74)
where the label ‘S, qq’ is used to distinguish these amplitudes, which only contribute
for flavour–singlet mesons, from (69, 70), which contribute for both flavour–singlet
and non–singlet states. Thus we can see that the amplitude does not vanish for
Jz = 0 incoming gluons, in contrast to the flavour–non–singlet case (69). From this
simple observation, we then have the highly non–trivial prediction that the CEP of
flavour–singlet meson pairs, in particular η′η′, will not be suppressed by the Jz = 0
selection rule, and so it is predicted to be strongly enhanced relative to e.g. ππ CEP.
In the case of ηη′ and ηη production, we also expect some enhancement, although
the level of this is dependent on the specific η–η′ mixing parameters that are taken.
We will examine this in more detail in Section 5.4.
As well as having valence qq components, it is well known that the dominantly
flavour–singlet η′ (and also, through mixing, η) mesons should have a valence gg
component, which also carries flavour–singlet quantum numbers, and as discussed
above, the size of such a gluonic component remains largely uncertain. With this
in mind, we have previously extended129 the above calculation to include the case
that one or both outgoing qq pairs forming the meson states are replaced by gg
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Fig. 14. Representative Feynman diagrams for the gg →MM process, where the M are flavour–
singlet mesons. There are 8 Feynman diagrams of type (a), and the corresponding helicity ampli-
tudes are given by (73, 74). There are 76 Feynman diagrams of type (b), and the corresponding
Jz = 0 helicity amplitude is given by (75). There are 130 Feynman diagrams of type (c), and the
corresponding Jz = 0 helicity amplitude is given by (76). In the case of the amplitudes for (b) and
(c), all diagrams allowed by colour conservation are included, and not just diagrams of this ladder
type.
pairs in a pseudoscalar state, as shown in Figs. 14 (b) and (c). Such diagrams will
contribute to the gg → η(′)η(′) processes in the presence of any non–zero gg valence
component. After a quite lengthy calculation, it was found that
T gq++ = T
gq
−− = 2
√
N3C
N2C − 1
(2x− 1) · T S,qq++ , (75)
T gg++ = T
gg
−− = 4
N3C
N2C − 1
(2x− 1)(2y − 1) · T S,qq++ , (76)
where ‘qg’ and ‘gg’ correspond to the qqgg and gggg final states, respectively. We
can find no simple form in the case of the |Jz | = 2 (±,∓) amplitudes, but the
magnitude and angular dependences are found numerically to be similar.
We can see that again the Jz = 0 amplitudes do not vanish. Moreover, they are
in fact identical to the amplitude (73) for a purely valence quark component in the
mesons, up to overall colour and normalization factors. That is, they are predicted
to have the same angular dependence in the incoming gg rest–frame. We emphasize
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that in these cases, all diagrams allowed by colour conservation contribute to the
total amplitude, and not just diagrams of this ladder type shown in Fig. 14: for each
process (‘S, qq’, ‘qg’ and ‘gg’) the final amplitude receives contributions from a set of
diagrams which are completely distinct and apparently unrelated between the three
cases. That these final results should be so remarkably similar in form is therefore
very surprising. An immediate phenomenological implication of this fact is that as
the gg valence contribution is not suppressed relative to the qq contribution, and so,
as we will show in more detail in Section 5.4, any reasonable gluonic component of
the η′ (η) may have a significant effect on the predicted η(′)η(′) CEP cross sections.
5.2.3. Vector mesons
Finally, we give the amplitudes Tλ1λ2,λ3λ4 for the g(λ1)g(λ2)→ V (λ3)V (λ4) process,
where V (V ) are helicity ±1 spin-1 mesons. Considering first the flavour–non–singlet
case, for the helicity–0 state we find that the amplitudes are identical to those for
scalar mesons – see (69) and (70). For the transverse polarisations we have
T++,+− = T++,−+ = T−−,+− = T−−,−+ = 0 , (77)
T+−,+− = T−+,−+ = − δ
ab
NC
64π2α2S
sˆxy(1 − x)(1 − y)
(
CF b
2 − NC
2
a
)
cos θ(1 + cos θ)
a2 − b2 cos2 θ ,
(78)
T−+,+− = T+−,−+ =
δab
NC
64π2α2S
sˆxy(1− x)(1 − y)
(
CF b
2 − NC
2
a
)
cos θ(1 − cos θ)
a2 − b2 cos2 θ ,
(79)
where it is clear (in the limit that the quark qt = 0 relative to the meson momentum)
that Tλ1λ2,++ = Tλ1λ2,−− = 0 (as well as those amplitudes in which both helicity–0
and 1 states are produced), as helicity must be conserved along the fermion line
for massless quarks. This result immediately follows from the helicity conserving
gluon–qq vertices which enter the perturbative calculation, and the fact that the
meson helicity is given by the sum of the helicities of its valence quarks: this forms
the basis of the so–called ‘hadronic helicity conservation’ selection rule.148
Considering now the flavour–singlet case, we recall these may in principle receive
an additional contribution from the ‘ladder–type’ diagrams shown in Fig. 14 (a).
While it also immediately follows from helicity conservation along the quark lines
that the production of transversely polarized vector mesons cannot proceed via
these diagrams, for longitudinally polarised vector mesons we find
T S,qq++,00 = T
S,qq
−−,00 = (2a− 1)T S,qq++ , (80)
T S,qq+−,00 = T
S,qq
−+,00 = (1 − 2a)T S,qq+− , (81)
which are antisymmetric under the interchange x↔ (1−x) (or y ↔ (1−y)), and will
therefore vanish upon integration over the (symmetric) meson wavefunction, φM (x).
This result for these ‘ladder’ diagrams, where each meson state couples separately
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to two gluons, recalls the well–known Landau–Yang theorem,71, 72 which states that
a spin–1 particle cannot couple to two on–shell massless vector bosons: although the
intermediate t–channel gluon will in general be far off–shell, the overall amplitude
nevertheless vanishes. It therefore follows from (77) and (80)–(81) that the CEP of
light vector pairs will be strongly suppressed in the perturbative regime, irrespective
of their flavour structure, and indeed the ρρ, ωω and φφ rates are predicted within
this formalism to be the same up to small (higher–order, higher–twist) corrections.
5.3. Calculation within a MHV approach
It is well known149 that the tree level n–gluon scattering amplitudes, in which (n−2)
gluons have the same helicity, the so–called ‘maximally helicity violating’ (MHV), or
‘Parke–Taylor’, amplitudes, are given by remarkably simple formulae.150, 151 These
results have been extended using supersymmetric Ward identities to include am-
plitudes with one and two quark–antiquark pairs,149 where ‘MHV’ refers to the
case where (n − 2) partons have the same helicity. In these cases, simple analytic
expressions can again be written down for the MHV amplitudes, while for greater
than 2 fermion–anti–fermion pairs (recalling that the helicities of a connected mass-
less fermion–anti–fermion pair must be opposite) no MHV amplitudes exist. More
recently, it has been shown152, 153 that the n–parton scattering amplitude for any
helicity configuration can be calculated with this formalism; in particular they can
be constructed from tree graphs in which the vertices are the usual tree-level MHV
scattering amplitudes continued off-shell in a specific way.
With this in mind, it can be shown that the quite simple results in the pre-
vious sections follow from the observation that the corresponding Jz = 0 helicity
amplitudes are MHV, with n − 2 = 4 partons (the two incoming gluons, and two
outgoing partons) having the same helicity; in particular, the vanishing of the Jz = 0
amplitude for the production of scalar flavour–non–singlet mesons described in Sec-
tion 5.2.1 and the identical form of the flavour–singlet amplitudes (73, 75, 76) for
quark and gluon valence final states described in Section 5.2.2 both follow from a
quite simple application of the MHV formalism.96, 129
These results follow by considering the relevant MHV 6–parton amplitude for
general particle momenta and colours, and making the assignments that the final–
state qq and/or gg pairs are collinear with the outgoing mesons and are in a colour–
singlet state. More precisely, we recall that within the MHV approach the full n–
parton amplitudeMn can be written in the form of a ‘dual expansion’, as a sum of
products of colour factors Tn and purely kinematic partial amplitudes An
Mn({pi, hi, ci}) = ign−2
∑
σ
Tn(σ{ci})An(σ{1λ1 , · · · , nλn}) , (82)
where ci are colour labels, i
λi corresponds to the ith particle (i = 1 · · ·n), with
momentum pi and helicity λi, and the sum is over different particle orderings in
the amplitude, i.e. over appropriate and simultaneous non–cyclic permutations σ of
colour labels and kinematics variables. The purely kinematic part of the amplitude
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An encodes all the non–trivial information about the full amplitude,Mn, while the
factors Tn are given by known colour traces.
While each particle ordering in general has a different colour factor Tn, the
assignment in our case that the outgoing partons must form colour–singlet pairs
tends to lead to a substantial simplification in this, with certain colour factors van-
ishing or factorizing for a set of particle orderings. For example,96 in the case of
flavour–non–singlet meson pair production the only non–vanishing colour factors
are given by a universal factor of Tr(λaλb) = δab/2, where a, b are the incoming
gluon colour labels. Moreover, the kinematic partial amplitudes can also take very
simple forms when the collinearity assignment is made for the outgoing qq and/or
gg pairs. The combination of this vanishing and/or factorisation of the colour fac-
tors and simplifications of the kinematic terms can lead to very simple results for
the full amplitudes, exactly as we have found in the preceding sections. In the case
of flavour–non–singlet meson pair production, after making the colour–singlet as-
signment there is in fact a full–scale cancelation between the surviving kinematic
partial amplitudes, with
M ∝ δab
( 〈k3 k4〉
〈k4 k1〉〈k1 k3〉〈k3 k2〉〈k2 k4〉 +
1
〈k3 k1〉〈k1 k2〉〈k2 k4〉 +
1
〈k3 k2〉〈k2 k1〉〈k1 k4〉
)
∝ δab (〈k3 k2〉〈k1 k4〉+ 〈k1 k3〉〈k2 k4〉 − 〈k3 k4〉〈k1 k2)〉 = 0 , (83)
where ‘〈k, l〉’ is the standard spinor contraction (for particles of momenta k, l) and
the last line corresponds to the well–known Schouten identity, which holds for any
set of four 4–momenta ki.
96 This is exactly as was found above (69), after a quite
involved calculation involving 31 separate (and in general non–zero) Feynman dia-
grams. This result (83), on the other hand, follows after just a few lines of calcula-
tion, giving some indication of the power of this approach. The Jz = 0 amplitudes
for vector meson production given in Section 5.2.3, and the purely valence quark
flavour–singlet amplitude (73) follow in an equally simple way.
In the case of flavour–singlet mesons, and the identical forms (73, 75, 76) for
valence quark and gluon final–states described in Section 5.2.2, it takes a little
more work to arrive at this result within the MHV approach, but the principle
of applying the colour–singlet and collinearity assignments to simplify the known
MHV amplitudes, is the same. Moreover, this result certainly follows much more
simply than from the very complicated Feynman diagram calculation (we recall that
for example in the case of the purely gluonic amplitude there are 130 contributing
Feynman diagrams). For more details of these calculations we refer the interested
reader to previous detailed treatments.96, 129
5.4. Numerical results
Using the amplitudes calculated above we can show some representative predictions
for the corresponding meson pair CEP cross sections. We take fpi = 133 MeV and
f⊥ρ = f
0
ρ = 200 MeV,
128 and we assume a universal qq wavefunction given by (61)
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throughout. Although the correct form of the quark distribution amplitude remains
an open question, this choice is found154 to describe the γγ →MM data quite well,
and we take it as our benchmark choice here.
We begin by considering the purely valence quark contribution. We recall from
the results above that we expect a strong enhancement in the cross section for the
dominantly flavour–singlet η′η′ states relative to the flavour non–singlets (π+π−,
π0π0). The ηη and ηη′ CEP cross sections are strongly dependent on the precise level
of η−η′ mixing, through which a Jz = 0 component can enter, but are also expected
to be enhanced. In Fig. 15 we show the CEP cross sections dσ/dMX , where MX is
the invariant mass of the meson pair, for the production of various scalar and vector
states. We consider different c.m.s. energies and cuts on the meson pseudorapidity,
corresponding to the experimentally relevant situations at the Tevatron and LHCb,
for illustration. The suppression of the π0π0 and vector meson cross sections is
cleari, in particular in the π0π0 case where the radiative zero in the |Jz | = 2 will
tend to further reduce the cross section. The η′η′ cross section, on the other hand, is
predicted to be much larger. The vector meson ρρ cross section is also shown: within
the perturbative formalism, the φφ and ωω rates are to lowest order expected to be
identical to this, see section 5.2.3. In the vector meson case the cross sections are
also suppressed by the Jz = 0 selection rule, see (77–79), however this is less severe
than for the scalar π0π0, due in part to the larger decay constant fρ (∼ 200 MeV),
and in part the particular form of the |Jz | = 2 production amplitudes, for which
there is no additional suppression from a radiation zero as in (70). Unfortunately,
as discussed in Section 4 for the low x and Q2 values probed in the CEP of lighter
mass objects, there is a large degree of uncertainty in the single gluon PDFs. Here
we present estimates here using MSTW08L031 PDFs, which as we have seen in
Section 4.2.1 give a prediction for γγ CEP that is in reasonable agreement with the
CDF data.
We recall that the calculation of the π0π0 CEP cross section has important
consequences for the possible π0π0 background to γγ CEP, when one photon from
each π0 decay is undetected or the two photons merge. At first sight it would appear
that the cross section for this purely QCD process could be much larger than for
γγ production and so would constitute an appreciable background, but in fact this
is not the case. Firstly, we have seen that the amplitude to form an exclusive pion
with transverse momentum, k⊥, is proportional to the ratio fpi/
√
sˆ ∼ fpi/k⊥ (see
(59)), that is the cross section of the gg → π0π0 hard subprocess contains the
numerically small factor (fpi/k⊥)
4 which in the region of interest is comparable to
(or even smaller than) the QED suppression, (αQED/αS)
2, of the gg → γγ cross
section. Secondly, and crucially, the vanishing of the LO amplitude gg → π0π0 with
Jz = 0 initial–state gluons leads to a further ∼ two orders of magnitude suppression
in the CEP cross section, see Section 2.2. We therefore expect the π0π0 background
iThe charged π+π− and ρ+ρ− CEP cross sections are expected to be a factor of 2 larger from
isospin symmetry and the non–identity of the final–state particles.
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Fig. 15. Differential cross section dσ/dMX for the CEP of meson pairs, for meson transverse
energy E⊥ > 2.5 GeV, and for different c.m.s. energies and cuts on the meson pseudorapidities.
Predictions made using SuperCHIC12 MC.
contribution to γγ CEP to be small, a prediction which is supported by the recent
CDF γγ data,118 see Section 5.6.
Our results can readily be extended to the kaon sector, although we do not
consider this numerically here. In particular, under the assumption of exact SU(3)
flavour symmetry, the K0K
0
and K+K− CEP cross sections can be calculated in
the same way as the π0π0 and π+π− cross sections, with the replacement fpi →
fK . In fact, SU(3) flavour symmetry breaking effects can be non–negligible, and
to precisely estimate the K0K
0
and K+K− cross sections, a modified narrower
form of the meson wavefunction, which accounts for asymmetry between the s and
(u, d) quark masses, should be taken.128 Without the inclusion of this modified
wavefunction, the perturbative formalism tends to overestimate the γγ → K+K−
cross section when compared to BELLE data.155
Considering now the effect of a gg valence component to the η′, η cross sections,
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we have previously129 made use of a fit156 to the γγ∗η(′) form factor, which finds
aG2,fit(µ
2
0) = 19± 5 . (84)
While this may give some rough guidance for the expected size of the gg component
of the η(′), we note that this fit contains important uncertainties, in particular
because the gluonic contribution to the η(′) transition form factor Fη(′)γ(Q
2) only
enters at NLO, and so is a relatively small effect, thus requiring a precision fit to
the data in regions where other theoretical uncertainties are not necessarily under
such good controlj. Therefore, to give a conservative evaluation of the sensitivity of
the CEP process to the size of this gg component, we have considered a band of
cross section predictions, guided by (84), corresponding to the range129
aG2 (µ
2
0) ∈ (−aG2,fit/2,+aG2,fit/2) = (−9.5, 9.5) , (85)
where aG2 is defined in (64), and all higher (n = 4, 6...) order terms are neglected
for simplicity. Even with this quite narrow and conservative range of values, we find
that the predicted CEP cross section changes considerably. We show this in Fig. 16,
where we plot the MX distribution for X = η
′η′ CEP at
√
s = 1.96 TeV for this
band of possible gg components. At the LHC, we expect the cross section (for the
same event selection) to be roughly a factor of ∼ 3–5 larger for √s = 7–14 TeV,
with the particle distributions almost unchanged. We can see that a reasonable gg
component of the η′ (and η) can have a strong effect on the CEP cross section,
increasing (or decreasing) it by up to ∼ an order of magnitude, depending on the
specific size and sign of the gg componentk.
More precisely,129 due to the identical angular dependence of the amplitudes
(73), (75) and (76), the effect of including a non–zero gg component of the η′ (η)
mesons on the η(′)η(′) CEP amplitudes will to first approximation be to multiply
them by an overall normalization factor. The ratio of the different η(′)η(′) cross
sections are then determined by the mixing parameters145
σ(η′η′) : σ(ηη′) : σ(ηη) = 1 : 2 tan2(θ1) : tan
4(θ1) ,
≈ 1 : 1
19
:
1
1450
, (86)
irrespective of the size of the gg component. In Table 8 we show numerical results
for the cross section ratios (86): due to the effect of the |Jz| = 2 flavour non–singlet
contribution, this scaling is only expected to be approximate (there is also in all
cases a small effect due to the differing η and η′ masses).
jWe also recall, for example, that the situation with regards to the χc(0,2) decays into η and η
′
pairs appears to be somewhat puzzling. Experimentally, no enhancement in the decays to η, η′
pairs relative to pions is observed (after taking trivial phase space effects into account). This may
indicate that there is some destructive interference between the qq and the gg components of the
pseudoscalar bosons, or that the gg component is small.156, 157
kDepending on the sign of the gg component, the quark and gluon valence contributions will
interfere destructively or constructively.
48
aG2 (µ
2
0) = 9.5
aG2 (µ
2
0) = 0
aG2 (µ
2
0) = −9.5
dσ(η′η′)/dMX [pb/GeV],
√
s = 1.96 TeV, φCZ
.
-
MX [GeV]
14121086
1000
100
10
1
0.1
0.01
0.001
0.0001
Fig. 16. Differential cross section dσ/dMX for X = η
′η′ production at
√
s = 1.96 TeV with
MSTW08LO PDFs,31 taking the CZ form137 for the quark distribution amplitude, and for a
band of aG2 (µ
2
0 = 1GeV
2) values, corresponding to different normalizations of the gg distribution
amplitude φG(x,Q
2) ∝ aG2 (Q2). The mesons are required to have transverse energy E⊥ > 2.5
GeV and pseudorapidity |η| < 1.
Table 8. Ratios of η(′)η(′) CEP cross sec-
tions at
√
s = 1.96 TeV with MSTW08LO
PDFs,31 for a gg distribution ampli-
tude with different choices of aG2 (µ
2
0)
and with the qq distribution amplitude
given by the CZ form (61). The mesons
are required to have transverse energy
E⊥ > 2.5 GeV and pseudorapidity |η| < 1.
aG2 (µ
2
0) -9.5 0 9.5
σ(η′η′)/σ(ηη) 210 1300 1600
σ(η′η′)/σ(ηη′) 20 20 20
σ(ηη′)/σ(ηη) 11 66 78
Thus, to first approximation we can only look at absolute value of the various
η(′)η(′) CEP cross sections to determine the size of the gg component, aG2 (µ
2
0). This
is potentially problematic because of the other uncertainties in the CEP calculation,
due primarily to the value of the survival factors S2eik, S
2
enh, which are not known
precisely, and potential higher–order corrections in the hard process, which com-
bined are expected to a give a factor of ∼ ×÷2 − 3 uncertainty, as well as a sizeable
PDF uncertainty in the low–x, Q2 regime relevant to such processes.99 Nevertheless,
given the sensitivity of the CEP cross section to the gg → gggg and gg → ggqq sub-
process, if the gg component of the η(′) is sizeable enough, such a measurement may
still provide useful information. However, it is more reliable to look at the ratio of
the η(′)η(′) cross section to other processes, in which case many of the uncertainties
due to PDFs and survival factors largely cancel out and a potentially much cleaner
measurement of the gg component of the η(′) becomes possible. With this in mind
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we show for illustration in Table 9 the ratio of the ηη and η′η′ to π0π0 and η′η′
to γγ cross sections. Recalling that the π0π0 CEP cross section is also predicted to
be strongly suppressed, due to the vanishing at LO of the gg → π0π0 amplitude
for Jz = 0 incoming gluons, a measurement of the ratios σ(η(
′)η(′))/σ(π0π0) would
also represent as an important probe of the Jz = 0 selection rule.
Table 9. Ratios of η(′)η(′) to π0π0 and
γγ CEP cross sections at
√
s = 1.96 TeV
with MSTW08LO PDFs,31 for a gg distri-
bution amplitude with different choices of
aG2 (µ
2
0) and with the qq distribution ampli-
tude given by the CZ form (61). The me-
son/photons are required to have transverse en-
ergy E⊥ > 2.5 GeV and pseudorapidity |η| < 1.
aG2 (µ
2
0) -9.5 0 9.5
σ(ηη)/σ(π0π0) 2.7 12 66
σ(η′η′)/σ(π0π0) 570 16000 100000
σ(η′η′)/σ(γγ) 3.5 100 660
5.5. The non–perturbative regime
Up until now we have only considered the CEP of meson pairs within a purely
perturbative framework. However, the study of meson pair CEP in fact has a long
history, which far predates this approach.158–161 In these cases,99, 162, 163 the produc-
tion process was instead considered within the framework of Regge theory,164 with
the meson pair produced by the exchange of two Pomerons in the t–channel. Such
a ‘non–perturbative’ picture, see Fig. 17, should be relevant at lower values of the
meson transverse momentum k⊥, where the cross sections are largest, and may be
particularly important for the case of flavour–non–singlet mesons (ππ, KK...), for
which the perturbative contribution is expected to be dynamically suppressed, as
we have seen above. This has been considered in detail elsewhere,96, 99 with more re-
cently a new DimeMonte Carlo (MC) implementation of this Regge–based approach
being developed.102
It is crucial to consider such a contribution when comparing to measurements of
exclusive meson pair production, which will lie dominantly in the lower mass region
where this non–perturbative approach must be used. More generally, we may hope
in the future to experimentally probe the transition between these two regimes, an
issue which is still unclear, but may hopefully be clarified by future measurements of,
for example, π+π− CEP at the LHC. More details of this and the non–perturbative
model used are considered in detail elsewhere,96, 99 and we will not consider this
further here.
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Fig. 17. Representative diagram for the non–perturbative meson pair (M3,M4) CEP mechanism,
where M∗ is an intermediate off–shell meson of type M . Eikonal and (an example of) enhanced
screening effects are indicated by the shaded areas.
5.6. Comparison with data
Until recently, there was little existing data on meson pair CEP, in particular at high
energies. This was limited to the ISR measurements,165, 166 at reasonably low c.m.s
energy (
√
s = 62 GeV), which provide some constraint on the non–perturbative
model of meson pair production but do not extend to sufficiently high values of
meson transverse momentum, k⊥, for the perturbative CEP formalism to be ap-
plicable. More recently a new CDF measurement of central π+π− production at√
s = 900 and 1960 GeV, which contain a large exclusive component has been re-
ported.100, 101 These data are in encouraging agreement with the non-perturbative
model discussed above. We may expect further data on the CEP of meson pairs
to be forthcoming from CMS,167 CMS+Totem,19–21 ATLAS+ALFA,18, 168 RHIC,17
and LHCb.169
It has been shown102 that the observation of exclusive meson pair production,
in the presence of tagged protons, can act as a very sensitive test of the soft physics
models used to calculate the survival factor, in a similar way to that described in
Section 3.4. In particular, a measurement of the distribution in azimuthal angle
between the outgoing intact protons can provide a fully differential test of the soft
survival factors. Such measurements are under consideration at the LHC, with the
CMS+Totem19–21 and ATLAS+ALFA18, 168 detectors, in particular during special
low luminosity running conditions, and are already being made at RHIC by the
STAR collaboration17 and by the COMPASS fixed–target experiment at CERN.170
We may also hope that future measurements such as these will provide a further
tests of the perturbative approach considered here. However, as discussed above,
due to the suppression of the perturbative flavour–non–singlet meson (ππ, KK...)
cross sections, the dominantly ‘perturbative’ phase space region is only expected to
occur at relatively high values of k⊥: in this case, the cross section are quite low
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and therefore the available statistics may be somewhat limited. A more promising
observable may therefore be the CEP of flavour–singlet states (η(′)η(′)), which are
not predicted to be suppressed in this way, and may therefore represent a more
realistic experimental observable. As discussed above, the observation of this pro-
cess, from a new analysis of the existing CDF data, as well as in forthcoming LHC
data (in particular from CMS, CMS+TOTEM and LHCb) may also shed light on
the important and uncertain issue concerning the size of the gg component of the
flavour–singlet η, η′ mesons.
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Fig. 18. Estimate of π0π0 background fraction in the candidate data sample, taken from.118 (a)
Distribution of reconstructed CES showers per event for data compared to γγ and π0π0 Monte
Carlo simulations.
One promising possibility is at the Tevatron, where we recall that CDF have
set118 the limit N(π0π0)/N(γγ) < 0.35, at 95% CL on π0π0 CEP, by looking at the
distribution of reconstructed proportional wire chamber (CES) showers per event,
as shown in Fig. 18. This lends support to the CEP framework, which we recall gives
as a non–trivial prediction the strong suppression in the π0π0 cross section: without
this Jz = 0 suppression, we could certainly expect CDF to observe π
0π0 events. In
the future171 it is planned to extend this CDF study with increased statistics, and
perhaps even to measure the π0π0 CEP cross section, as well as possibly the ηη
cross section. While the ηη → 4γ cross section is reduced by a factor of 15% by
the η → neutrals branchings, and potentially further reduced by lower experimental
efficiencies, it is still expected that the corresponding cross section, after accounting
for this, will be of the same size and perhaps even larger than the corresponding
π0π0 rate, see Table 9. In addition, we can expect further results from the LHC, with
the LHCb collaboration in particular having a promising CEP physics programme
which includes the possibility of measuring these processes.
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6. Exclusive jet production
Exclusive jet production,172, 173 and in particular the CEP of a dijet system
pp(p)→ p + jj + p(p) , (87)
has been of great importance in testing the underlying Durham perturbative formal-
ism. In 2008, the CDF collaboration reported174 the observation and cross section
measurement of this process using a data sample of 310 pb−1, at
√
s = 1.96 TeV and
for Ejet⊥ > 10 GeV, selected by tagging the outgoing anti–proton and requiring a ra-
pidity gap in the proton direction (which was not tagged). Crucially, they presented
both dijet invariant massMjj and jet transverse momenta E
jet
⊥ distributions, out to
quite high Mjj ∼ 130 GeV, and Ejet⊥ ∼ 35 GeV, and it was found that the pertur-
bative approach of the Durham model, and in particular the characteristic fall–off
with scale µ ∼ Mjj produced by the Sudakov factor (5), was essential to describe
these distributions, with an overall good agreement between the Durham predic-
tions and the CDF data. This observation was later supported by the measurement
of the D0 collaboration,175 which found evidence for exclusive dijet production with
Mjj > 100 GeV. The potential to probe a wide range of invariant masses, provid-
ing a differential test of the theory, in a similar fashion to γγ CEP but with much
larger, O(nb), cross sections, therefore provides a strong motivation for studying
this process. Moreover, as we will discuss, there are a range of interesting expec-
tations for the gluon and quark jet cross sections in the exclusive mode which are
quite different from those in the usual inclusive case.103, 173, 176
On the other hand, although it is certainly an interesting channel, it is not with-
out issues. In particular, an exclusive jet sample is in principle defined by requiring
that a certain number of jets are present in the central detector, with no additional
hadronic activity, and with outgoing intact protons (or anti–protons). However, it is
not possible to uniquely assign particles to a given jet, and even for a genuinely ex-
clusive event there will certainly in general be some remaining ‘unassigned’ particles
in the final state, due to additional radiation outside of the jets and experimental
smearing effects, with the precise number depending on the details of the jet finding
algorithm and experimental efficiencies. Moreover, there can be a significant back-
ground contribution from ‘inelastic’ double Pomeron exchange (DPE), where the
dijet system is produced by the collision of two Pomerons, but where there will in
general be additional soft Pomeron remnants in the event.173 However, if we con-
sider the variable Rjj = Mjj/MX , where MX is the invariant mass of the central
system, then we will expect the exclusive signal to peak around Rjj ∼ 1, while the
inelastic background will populate a broad range of Rjj values. This can then be
used to extract the exclusive signal, in the high Rjj region, provided the inelastic
background can be suitably modelled, and this is precisely what was done in the
CDF analysis.
Thus, exclusive jet production represents an interesting and novel QCD ob-
servable, and there is much potential to measure this process further at the LHC,
in particular with both protons tagged using the installed and proposed forward
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proton spectrometers. The possibility of such measurements at the LHC with AT-
LAS+ALFA18 detectors is currently under consideration, while the first results on of
a combined TOTEM+CMS measurement20, 21 at 8 TeV, are expected to be avail-
able soon. In addition, a promising program of QCD studies, including jet pro-
duction, is under discussion in the framework of the AFP6, 23, 24, 177 and PPS5, 178
upgrade projects, which would allow an investigation of the region of centrally pro-
duced masses around 200–800 GeV, using proton detectors stationed at ∼220m and
∼240m from the interaction points of ATLAS and CMS, respectively.
6.1. Theory
Exclusive dijet production is initiated by the colour–singlet gg → gg and gg → qq
subprocesses, for which the amplitudes are given by
M ((g(±)g(±)→ g(±)g(±)) = δCD Nc
N2c − 1
32παs
(1− cos2 θ) , (88)
M ((g(±)g(±)→ qhqh¯) =
δcd
Nc
16παs
(1− β2 cos2 θ)
mq
MX
(βh± 1)δh,h¯ , (89)
M ((g(±)g(∓)→ qhqh¯) = ±h
δcd
2Nc
8παs
(
1± h cos θ
1∓ h cos θ
)
δh,−h¯ , (90)
for gluons of ‘±’ helicity and quarks of helicity h, while c, d (C,D) are the outgoing
quark (gluon) colour labels, β = (1− 4m2q/M2X)1/2 and θ is the scattering angle in
the gg rest frame. We can see that in the case of qq production the Jz = 0 amplitude
(89) involves a helicity flip along the quark line, and vanishes as the quark mass
mq → 0, and thus we expect a strong suppression in the CEP cross section for quark
dijets. Considering for example the case of b–jets at MX = 100 GeV, we find
dσ(bb)/dt
dσ(gg)/dt
≈ N
2
c − 1
4N3c
m2b
M2X
≈ 10−4 , (91)
while for the inclusive case, this ratio is much larger. As we will discuss in Section 7
this result is of great importance in the case of exclusive Higgs production via
the bb mode, for which the direct QCD background is therefore expected to be
suppressed.10, 103, 179 For lighter quark jets, the dominant contribution will come
from the |Jz | = 2 amplitude (90), for which
dσ|Jz|=2(qq)/dt
dσ(gg)/dt
≈ N
2
c − 1
16N3c
〈
p2⊥
〉2
〈Q2⊥〉2
∼ 10−4 , (92)
for typical values of the average proton transverse momentum p⊥ and the loop
momentumQ⊥, see Section 2.1.1. Thus we expect a universal and strong suppression
in quark jets relative to the gluon case, to a much greater extent than in inclusive
production. Results consistent with such a suppression are indeed seen in a CDF
study174 of a 200 pb−1 sample of b–tagged jets. Thus the exclusive mode offers the
possibility to study almost purely gluonic and, crucially, isolated jets (produced by
54
the collision of a colour–singlet gg state) in a hadronic environment, shedding light
on the underlying properties of these jets (such as multiplicity, particle correlations
etc) in a well–defined and comparatively clean exclusive environment.
If we now consider the case of three jet production, that is qqg and ggg jets,
this suppression in the qq exclusive dijet cross section also leads to some interesting
predictions.176, 180 In particular, we expect the behaviour of the qqg amplitude as
the radiated gluon becomes soft to be governed by the corresponding Born–level,
in this case qq, amplitude. More precisely, the Low–Burnett–Kroll181, 182 theorem
tells us that for a soft gluon, carrying momentum fraction xg = 2Eg/MX ≪ 1, the
radiative amplitude Mqqg may be expanded in powers of xg as
Mqqg =
1
xg
∞∑
n=0
Cnx
n
g , (93)
where crucially both the first and second terms, C0 and C1, are given in terms of
the the Born–level amplitude Mqq. Thus the first non–vanishing term in the case of
Jz = 0 incoming gluons occurs for n = 2, giving a cross section which behaves like
dσ(Jz = 0)
dEg
∼ E3g , (94)
in the massless quark limitl. This is to be contrasted with the inclusive, unpolarised
case, for which we have the usual singular behaviour
dσ
dEg
∼ 1
Eg
, (95)
which will also occur in the case of |Jz| = 2 incoming gluons, as well as in the
case of ggg jets, for which the corresponding Born–level (gg) amplitudes do not
vanish. Thus we expect a quite distinct behaviour in the gluon energy distribution
for xg ≪ 1, and we may in particular expect an enhancement of ‘Mercedes–like’
configurations for the qqg case, where all three partons carry roughly equal energies
and are well separated. More generally, it would be of much interest to investigate
the difference in the predicted event shape variables (thrust, sphericity etc), which
may be quite different between the experimentally distinguishable bbg and ggg cases,
as well as to the corresponding inclusive cases.
6.2. Numerical results and comparison with data
As discussed above, in 2008, the CDF collaboration reported174 the observation and
cross section measurement of exclusive dijet production using a data sample of 310
pb−1, at
√
s = 1.96 TeV and for Ejet⊥ > 10 GeV. It was found that both the jet
E⊥ and Mjj distributions, over a range of values, were quite well described by the
lRe–introducing a non–zero quark mass will give the usual infrared behaviour ∼ m
2
q
M2
X
1
Eg
for very
low xg.
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Fig. 19. Comparison of the ExHuME MC implementation183 of the Durham model and CDF
data,174 for exclusive dijet invariant mass distribution at the hadron–level, for Rjj > 0.8. Plot
taken from CDF174 publication.
Durham model, with in particular the characteristic fall–off with scale µ ∼ Mjj
produced by the Sudakov factor (5), being essential to describe these distributions.
In Fig. 19 we show the measurement of the dijet invariant mass distribution, taken
from the CDF publication,174 compared to the ExHuME MC implementation183 of
the Durham model. We can see that the agreement is good, although potentially
with some discrepancy at higher Mjj : however, as discussed elsewhere,
37 a more
careful treatment of the limits on the Sudakov factor (5) than was included in this
MC and in earlier Durham papers, is expected to improve the agreement.
We note that a full treatment of both exclusive dijet and trijet production, and
a new MC implementation of these processes is currently the subject of ongoing
work,184 and so will not present further predictions here. However, we have seen that
exclusive jet production is a very interesting and rich topic for further theoretical
work and experimental investigation, in particular at the LHC. Indeed, already a
sample of ‘exclusive–like’ dijet and trijet events has been collected in a combined
CMS+TOTEM run20, 21 at 8 TeV, with results expected to be released soon. The
first public event displays from these event are remarkably clean for such a hadronic
environment, and are reminiscent of LEP jet events.185
7. The Higgs boson
Over the last decade there has been a steady interest in the CEP of new physics
objects at the LHC,1, 2, 4, 5, 23, 24, 177, 178, 186, 187 with the possibility of a simultaneous
detection of the forward protons, using dedicated very forward detectors, and the
central system opening up a window to a rich physics program, covering a variety of
QCD, Electroweak and BSM processes.188–190 One particularly interesting example
that has received a great deal of attention is the CEP of the Higgs boson(s). This
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has played a central role in the physics targets of the FP420 LHC project,2 which
proposes to complement the ATLAS and CMS experiments by additional near–beam
proton detectors, located 420m away from the interaction region. This subject still
remains topical even after the discovery by the CMS and ATLAS experiments of
a new boson191–193 with a mass near 125 GeV and with production rates, decay
rates, and spin-parity assignement compatible with those expected for the standard
model (SM) Higgs boson. Indeed, the forward proton technique is exceptionally
well suited to the investigation of crucial identification issues such as the CP–
parity and the bb coupling of the recently discovered object.1, 50, 194 This approach
is complementary to the mainstream strategies at the LHC, and could be useful
in the study of other Higgs–like particles expected in some BSM theories.10, 195, 196
It is also worth recalling that the observation of even a few events corresponding
to the CEP of a Higgs–like particle would confirm its 0++ nature, with the 0−+,
2−+ and 2++ assignments (in the latter case for minimal coupling to gluons) being
strongly disfavoured.1, 9, 69
A further interesting possibility is the study of correlations between the outgoing
proton momenta in the CEP mode, which would provide a unique opportunity to
hunt for CP–violation effects in the Higgs sector,50 which it should be emphasised
would constitute an indisputable sign of physics beyond the SM. The contribution
caused by the CP -odd term in the gg → H vertex is proportional to the triple-
product correlation between the beam direction and the momenta of outgoing de-
tected protons,50, 197 and in some CP -violating BSM scenarios198, 199 the integrated
counting asymmetry (based on counting events with φ > π and with φ < π) can be
sizeable.
An important advantage of the forward proton approach is the fact that it
allows the largest decay modes, bb, WW and ττ to be detected via a single pro-
duction channel. For example, the normally challenging dominant bb decay mode
for a light Higgs boson would become much more easily accessible in the CEP case,
as the direct QCD background is strongly dynamically suppressed, see Section 6.
The observation of Higgs production via this decay mode is of much importance,
for example because a precise knowledge of the bottom Yukawa coupling would
also be crucial as an input in the determination of the Higgs couplings to other
particles.200–202
7.1. The Standard Model Higgs: predictions
The expectations7 for the CEP of the SM Higgs boson at 14 TeV are illustrated in
Figs. 20, 21 and 22. For the combined enhancedm and eikonal soft survival factor
we take
〈
S2
〉
= 0.01, although there is some important uncertainty in this value,
and it may in particular be somewhat smaller. On the other hand99 we may also
expect higher–order corrections to increase the cross section by a factor of ∼ 2 or
mIn this mass and
√
s region, the suppression due to S2enh is expected to be weak.
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Fig. 20. Cross section for SM Higgs CEP as a function of the Higgs mass, MH , integrated over
the rapidity interval −2.5 < yH < 2.5, for a range of PDFs (GJR08LO,203 MSTW08LO and
NLO,31 CTEQ6L,32 CT10122 and NNPDF2.1123). NLO K–factor included.
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Fig. 21. Rapidity distribution dσ/dyH for a MH = 126 GeV SM Higgs boson, using CTEQ6L
PDFs.
so. We have also seen that for the LO PDFs, which give the larger cross sections in
Fig. 20, there is good agreement with the CDF γγ data,118 with the CTEQ6L32 set
giving the closest value, see Section 4.2. In Fig. 21 we show the corresponding Higgs
rapidity distribution for the CTEQ6L PDF set, for MH = 126 GeV. In Fig. 22 we
show the cross section for the case of a scalar JP = 0+ and pseudoscalar JP = 0−
particle of the Higgs sector, using CTEQ6L PDFs. As expected from the JPz = 0
+
selection rule,1, 103 the cross section in the case of the scalar state is much (∼ 2
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Fig. 22. Cross sections for the CEP of scalar JP = 0+ and pseudoscalar JP = 0− particles
of the Higgs sector as a function of the Higgs mass, MH , integrated over the rapidity interval
−2.5 < yH < 2.5.
orders of magnitude) larger. While the predicted scalar Higgs cross sections are
quite small (∼ fb), we recall that the CEP process provides an exceptionally clean
and complementary handle on the properties of a Higgs or Higgs–like particle.
7.2. The MSSM Higgs
The MSSM is one of the most widely studied BSM scenarios, and the CEP of the
MSSM Higgs bosons at the LHC has in the past been the subject of detailed stud-
ies.10, 194, 196, 204 Previously, in particular prior to the very successful Run I data
taking at the LHC, there were quite encouraging prospects for probing the MSSM
Higgs sector in the forward proton mode,2, 10, 196, 205 with the expected CEP Higgs
rate strongly exceeding that for the SM light Higgs, in some particularly promis-
ing regions in the MSSM MA − tanβ parameter space. However, following LHC
run I, these regions are now excluded by a combination of the existing experimental
bounds. A recent detailed analysis190 based on seven new low–energy MSSM bench-
mark scenarios,206 has accounted for the current compilation of the LHC MSSM
Higgs boson searches, and we refer the interested reader to this study for various
results on the signal cross sections, ratios of signal to background (S/B) and statisti-
cal significances for the h/H → bb¯ decays, as well as an account of the experimental
procedures and cut selection for the case that the proposed forward proton detec-
tors are installed at ATLAS and/or CMS. In particular, one immediate observation
which follows from this previous work7, 190 is that the h CEP yield is only weakly
dependent on MA, giving a cross section level of around 1 fb (up to a factor of ∼ 2
theoretical uncertainty). Thus, (contrary to earlier expectations194) the event rate
for the MSSM h–boson cannot be sizeably higher than that for the SM Higgs.
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Considering now the heavy MSSM H–boson, the situation is not optimistic.
Accounting for the recent LHC data and low–energy observables, and assuming
that the newly observed state is a light MSSM h–boson, the preferred values207
of the heavy neutral Higgs masses are comparatively large (exceeding 250 GeV
or so), which is within the acceptance of the 220–240m forward proton detec-
tors.23, 24, 177, 178 However, the effective Pomeron–Pomeron luminosity Leff for Higgs
boson CEP decreases rapidly with the Higgs mass M , being given approximately
by1, 194
Leff ∝ 1
/
(M + 16 GeV)3.3 . (96)
Including the other mass dependent factors,10 we find that for a H–boson mass of
300 (400) GeV in the new benchmark scenarios, the expected CEP cross section,
after accounting for the experimental acceptances and efficiencies,10, 190 are too
small to produce a detectable signal within a reasonable time scale for making use
of forward proton detectorsn. This conclusion may of course not be true for all other
BSM Higgs scenarios, some of which might be more favourable. Moreover190 there
is still some room for improvement of the experimental techniques, e.g. the expected
improvement of the gluon-b misidentification probability Pg/b compared to the 1.3%
that was assumed previously, a sub-10 ps resolution in the timing detectors, or the
use of multivariate techniques.
8. Conclusion and Outlook
In this article we have presented a review of recent studies, performed by the authors,
of central exclusive production (CEP) within the Durham model, which combines
a perturbative QCD based approach to model the hard production process of an
object X accompanied by no perturbative emission, with a model of soft physics to
describe the so–called survival factor, which gives the probability that additional
particles are not produced due to soft rescatterings. CEP is a quite generic mecha-
nism, which can in principle produce any object that couples to gluons; consequently,
a wide range of processes have been considered in the literature, from SM mesons
to BSM Higgs bosons. In this review we have concentrated on the so–called ‘Stan-
dard Candle’ SM processes, in particular the CEP of jets, diphotons γγ, heavy (c, b)
quarkonia, new charmonium–like states, and meson pairs. These have sufficiently
large production cross sections that they can readily be measured experimentally,
thus providing a test of the Durham framework and validating predictions for new
physics objects. Moreover, these processes are also of interest in their own right,
and we have emphasised in this review the range of interesting theoretical features
that these possess, as well as the possibilities for the clean exclusive environment
nIn addition, we have to keep in mind that at higher LHC luminosities the pile–up background
could cause a severe problem for the Higgs CEP measurements, even if/when the fast timing
detectors with precision vertex resolution23, 24, 177, 178 are installed.
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to shed further light on the properties of these SM states. In addition, we have
discussed the CEP of SM and BSM Higgs bosons, emphasising the implications of
recent LHC data for future measurements.
A wealth of experimental measurements of high–energy CEP have been made,
both at the Tevatron,13 in Run I of the LHC,8, 14–16 as well as at RHIC, where
forward proton taggers are already installed.17 We have seen that these are in rea-
sonably good agreement with the Durham expectations, but that there certainly
remain some important theoretical uncertainties and unresolved issues, which fu-
ture LHC measurements and analysis can clarify.
In the future, we can expect to see an interesting and very promising program
of experimental CEP studies. As discussed in the Introduction, this includes the
possibility of CEP measurements with tagged protons, using the installed and pro-
posed forward proton spectrometers. Of particular interest are the proposed PPS5
and the AFP23, 24 upgrade projects, which would allow an investigation of the re-
gion of centrally produced masses around 200–800 GeV, in particular during high
luminosity running. One potential measurement would be exclusive jet production,
which represents an interesting and novel QCD observable sensitive to the basic
ingredients of the perturbative formalism.208 A second stage with proton detectors
at ∼420m would then allow the observation of exclusive Higgs boson production.
During low–pile up runs, the addition of FSCs to the CMS detector will greatly
increase the efficiency for selecting exclusive events; such detectors are also being
installed at LHCb, in the so-called HERSHEL Project.8, 26
The study of CEP in high–energy hadronic collisions is highly topical and of
great experimental and theoretical interest. The Durham program is ongoing, with
further studies and developments of the available MC tools under way. We also can
expect many more measurements to come, in particular from the LHC. There will
therefore be many more interesting exclusive results to come in the future, and we
look forward to new exciting adventures in Exclusiveland.
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